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COMPUTER MODELLING 
 

“The process of providing to a computer, usually in the form 
of mathematical equations, a precise and unambiguous 
description of the system under study, including the 
relationships between system inputs and outputs, and using 
this description to simulate or model the described system.” 

(Academic Press Dictionary of Science Technology) 
 
 
 

WELDING 
 

“Process for joining separate pieces of metal in a continuous 
metallic bond. In cold-pressure welding, high pressure is 
applied at room temperature. Forge welding (or forging) is 
done by means of hammering, with the addition of heat. In 
most processes, the points to be joined are melted, additional 
molten metal is added as a filler, and the bond is allowed to 
cool. In the Thomson process, melting is caused by resistance 
to an applied electric current. Another process is that of the 
atomic hydrogen flame, in which hydrogen molecules passing 
through an electric arc are broken into atoms by absorbing 
energy. Outside the arc the molecules reunite, yielding heat 
to weld the material in the process.”  

(The Columbia Electronic Encyclopedia) 
 
 
 

SIMULATION 
 

 “The technique of imitating the behaviour of some situation 
or process (whether economic, military, mechanical, etc.) by 
means of a suitably analogous situation or apparatus, 
especially for the purpose of study or personnel training.“ 

(The Oxford English Dictionary) 
 
Or in the author’s own words especially appropriate for 
scientific simulations: “The representation of a physical 
system usually by a computer or physical model that imitates 
some aspects of the system for a given purpose, eventually 
making approximations excluding some behaviours of the 
physical system .“ 

(J. L. Hansen) 
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ABSTRACT 
 
 
 
 
Enormous amounts of welds are made in rather heavy steel sections of a great deal 
of modern engineering applications. In many cases better tools for calculating the 
mechanical or structural response of these constructions taking into account the 
residual stress state from the manufacturing processes (e.g. that of welding), would 
make cost down initiatives possible. 
 
The overall objective of this thesis is to propose a procedure providing useful 
calculations of residual stresses in welded industrial structures. The welds are 
restricted to those used in rather heavy sections and the welding processes are 
limited to conventional arc welding processes, especially submerged arc welding.  
 
Two applications are in focus, the first serving as a principal case adequately simple 
from a technological point-of-view. It consist of two plates, 240 mm x 480 mm with 
a thickness of 10 mm, butt welded in both one and two passes. The second 
application is a frame box structure forming part of a large two-stroke diesel engine. 
It comprises four welds, each welded in four passes and plate thickness varying 
between 25 mm and 60 mm.  
 
A three-dimensional model is presented for the analysis of the butt weld 
application. Special attention is paid the influence of the initial stress state before 
welding, that is, the residual stress state after preparation of the plates by flame 
cutting. The generalized plane strain assumption is applied the model for analysing 
the frame box application. The model is used as an approach to estimate the fatigue 
strength of the as-welded structure compared to a stress relieved/free structure.  
 
Thermo-couple measurements, neutron diffraction measurements and hole-drilling 
strain gauge measurements are utilized to thoroughly verify the numerical 
modelling. Extensive laboratory fatigue tests are carried out in connection with the 
frame box application. 
 
An important issue in numerical modelling is to decide which effects, as minimum, 
must be included to adequately obtain the goal. Before the applications are 
considered in details, the many complicated and strongly coupled phenomena in the 
modelling of welds are presented; geometrical considerations are described; 
numerical methods applicable for the solution of physical problems as that of 
simulating the welding process are presented; the governing equations for the 
thermo-mechanical analysis are outlined; the boundary conditions and material 
modelling are treated for the thermo-mechanical analysis; and finally, the key task 
of modelling the moving heat source is discussed.  
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CHAPTER 1 

INTRODUCTION 
 
 
 
 
Computer based simulation techniques offer the possibility to examine the 
production process as well as the resulting product properties at a preliminary stage. 
Numerical methods have to a great extent been developed to deal with a large 
number of such uses including complex material models, analysis types, boundary 
conditions, etc. Some of these numerical methods have with success been turned 
into software packages of which some are general-purpose and some are dedicated 
to the simulation and optimisation of specific processes.  
 
Numerical modelling of thermally induced stresses and deformations in welding 
involves in general many phenomena. During the last decade computer power has 
increased considerably with the appearance of more powerful "low-cost" 
computers. This has made three-dimensional calculations an attractive possibility 
for design and optimisation of welded structures in respects of residual stresses and 
deformations. Despite several simplifications as e.g. neglecting modelling of 
microstructural formations and flow calculations in the weld pool, numerical 
calculation of welding is still a challenging task. Various approaches of two-
dimensional analyses can be carried out including rather comprehensive material 
models. These models can include non-linearities in the material models such as 
e.g. temperature dependent material properties and latent heat together with 
complex thermal and mechanical boundaries and still be accomplished within 
reasonably modelling and calculation time. But in many cases a two-dimensional 
model is not adequate. The “nature" of the welding process often requires a three-
dimensional approach. Determination of out-of-plane deformations (as angular 
distortions, buckling etc.) is in most cases a coupled effect of stresses and 
deformations in all geometrical directions. The distribution of heat from the welding 
flame and filler to the base material results in very high temperature gradients and 
thus large differences in material properties within short distance. This transient 
nature of the welding process requires rather small time increments for the 
numerical model to correctly predict the thermal fields as well as the mechanical 
response.  
 
Despite the possibility to do calculations of increased complexity, a great deal of 
research and development must still be accomplished before numerical modelling is 
suitable to be used as a everyday “welding” tool in the design phase of large, 
complex welded structures. 
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1.1 Motivation for the Subject 
 
Enormous amounts of welds are made in rather heavy steel sections of a great deal 
of modern constructing tools, vehicles, offshore constructions, agricultural and 
forest machinery, buildings, bridges etc. In many cases, better tools for calculating 
the mechanical or structural response of these constructions taking into account the 
residual stress state from the manufacturing processes (e.g. that of welding), would 
lead to reductions of material thickness. This gives lighter structures and 
consequently a direct reduction in costs with respect to material/steel consumption. 
Other benefits are less power requirement and larger manoeuvrability for e.g. forest 
machinery, easier handling condition of the sub-parts in the workshop, improved 
appearance of bridge and building designs and so forth. 
 
Another important purpose of estimating manufacturing process related residual 
stresses is the possibility to predict undesirable distortions obtained during 
production. Considerable efforts are used in production to straighten and correct 
misalignment especially from welding related distortions. In shipyards for instance, 
the labour put into reduction of accumulated distortion during the production 
process is said to be perhaps one third of the total labour. 
 
 
1.2 Aim of the Project 
 
The overall objective of the present project is to propose a method providing useful 
calculations of residual stresses in welded structures. The welds are restricted to 
those used in rather heavy sections and the welding processes are limited to 
conventional arc welding processes, especially submerged arc welding. 
 
Several attempts and useful calculations, though in most cases rather simple, have 
been made through time to estimate the residual stresses from a one-pass weld. 
Every now and then, these have been verified against strain gauge measurements 
and other more advanced methods like the neutron diffraction technique. An 
important purpose of the present project is to take advantage of this kind of 
measurements through extensive experimental examinations of the welded 
structures in question in order to validate the proposed modelling method. The 
applications in focus are chosen not only to involve welding in one pass but also to 
cover multipass welds and even multiple multipass welds in the same structure. The 
latter application is limited to a search for a useful two-dimensional approach.  
 
A particular aim of this project is to analyse the influence of the initial stress state in 
the base material preceding welding. This is investigated for a geometrically simple 
application, physically “small” to make the use of neutron diffraction measurements 
possible for the purpose of validating the numerical approach. 
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In general, an important issue in numerical modelling is to decide which effects as 
minimum must be included to adequately obtain the goal. In the case of welded 
structures, the goals can be many as e.g. prediction of microstructure formation, 
residual stresses and not least deformations from the moving heat source. In any 
case, the issue is some kind of quality measure of the weld, such as loading strength 
of the structure, low and/or high cycle fatigue, dimensional/form stability etc. The 
actual goal must be kept in mind when deciding upon magnitude of details and 
effects taken into account in the numerical model. This matter is also very important 
in order to reduce calculation time and, most desirable, making simulation of larger 
models as e.g. weld sequence in complex structures possible. An application is thus 
analysed with the purpose of evaluating the welding residual stresses and based on 
this make a fatigue strength assessment of the as-welded structure compared to a 
structure free of process induced stresses.  
 
One of the main purposes of the project is to use general-purpose finite element 
software for the task. A highly scientific based and an internationally recognized 
software package in the field of thermal and structural non-linear analysis of 
engineering related applications is ABAQUS developed by “Hibbitt, Karlsson & 
Sorensen, Inc.” founded in 1978. Today, the company is simply named “ABAQUS, 
Inc.”. It is perhaps the most comprehensively documented general-purpose finite 
element program and with basic ability to add the functionality of user-developed 
material models and subroutines why it is also a natural choice in a university 
environment. Other finite element products often used for general scientific 
applications (if not dedicatedly developed from scratch in-house) are e.g. ANSYS 
by “ANSYS Inc.” or one of the packages from “ALGOR Inc.”1. This project takes 
advantage of the features included in the implicit version of ABAQUS to simulate 
the physical response of the applications analysed subjected to welding. 
 
 
1.3 Structure of the Thesis 
 
The work presented in this thesis is mainly concentrated around two applications 
demonstrating the methods and ideas evolved and knowledge acquired during the 
project. In order to form an impression for the reader of these applications prior to 
reading any theory and background description, these applications are presented in 
outline in the following Chapter 2, Applications and Problem Definitions in 
Outline. 
 
General aspects in numerical modelling of welding from a historical perspective 
form the introduction to Chapter 3, Numerical Modelling of Welding. Coupling 
effects and geometrical considerations are discussed followed by a presentation of 

                                                 
1 Additional major commercial finite element software packages are listed in Enclosure A together 
with their Internet address. 
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the numerical methods applicable for the solution of physical problems as that of 
simulating the welding process.  
 
Chapter 4, Thermo-mechanical Analysis of Welding deals with the thermo-
mechanical modelling. The governing equations for the thermo-mechanical analysis 
are outlined. The boundary conditions involved in welding are described and the 
material modelling is treated for the thermal and mechanical analysis, respectively. 
  
As a whole, the two chapters 3 and 4 cover the general literature survey on 
modelling of welding except for a specific description of heat source modelling 
methods. This is accounted for in Chapter 5, Heat Source Modelling together with 
the modelling procedure proposed in this thesis in connection with the general-
purpose finite element program, ABAQUS. 
 
In Chapter 6, Analysis of Butt Weld, the methodology is applied to a model of a 
simple structure serving to ease measurements and interpretation of comparisons. 
This model is subjected to investigations of the influence on welding residual 
stresses of the initial stress state in the base material before welding. The focus is on 
three-dimensional modelling but a two-dimensional approach is also presented for 
comparisons and as introduction to the subsequent analysis of an industrial 
application. 
 
Chapter 7, Analysis of Welded Engine Frame Box, comprises an industrial 
application. This section incorporates the concepts presented in the former chapter 
to a two-dimensional approach and introduces the use of welding residual stress 
calculations in fatigue assessment of large steel structures. 
 
Finally, conclusions and final remarks are found in Chapter 8, Conclusions and 
Final Remarks. 
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CHAPTER 2 

APPLICATIONS 
AND PROBLEM 

DEFINITIONS  
IN OUTLINE 

 
 
 
 
The work in this project has been concentrating on two different applications. First 
of all, butt welding of a set of 10 mm mild steel plates has been investigated with 
respect to three-dimensional stress calculations. The main subjects of the work with 
this application have been the modelling methodology for the moving heat source, 
the material modelling and the effect of pre-weld stress state in the structure on the 
residual welding stresses.  
 
In the second application, an engine frame box has been analysed, representing a 
real industrial problem including multiple multipass welds. The overall objective of 
this analysis is to evaluate the structure as-welded compared to post weld heat 
treated in respect of fatigue assessment of the weld root details. The purpose of the 
numerical modelling in this work is to present a model for analysis of the residual 
stress state in the area of the welds, and to use this in the evaluation of the fatigue 
strength of the structure. This work has been carried out in collaboration with the 
Engine Development Department at MAN B&W Diesel A/S as part of a larger new 
design project and comprises a two-dimensional analysis of the problem. 
 
Both the three- and two-dimensional finite element modelling of welding induced 
residual stresses described in this thesis are presented with an emphasis on 
modelling procedures in order to obtain macroscopic (i.e. global) residual 
characteristics of the structures after welding. For both applications presented, 
extensive experimental measurements and laboratory tests are carried out in order to 
evaluate the numerical models. 
 
In the following, the two applications are presented in outline with the dimensional, 
geometrical and process related characteristics. In the application chapters 6 and 7, 
respectively, detailed background and process descriptions are found. 
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2.1 Analysis of Butt Weld 
 
Submerged arc welding of a single-V-groove weld in mild steel plates is the basis of 
the first application. Indeed, the physical aspect of this welding problem is not 
complicated and poses no technological challenge. The experimental set-up has 
primarily been chosen because of its geometrical simplicity, which enables the 
analysis to focus on the more principal behaviour of the suggested modelling of the 
moving heat source and filler metal.  
 
Two sets of 480 x 240 mm plates with a thickness of 10 mm are prepared from 
flame cutting of a hot rolled steel plate. Two plates conforming a set are butt joint 
welded in a 60° single-V-groove weld with automatic submerged arc welding. One 
set is welded in one pass and the other set is welded in two passes. The test 
specimen is sketched in Figure 2.1. 
 
 

 
 

FIGURE 2.1 Sketch of the test specimen investigated in the butt weld 
application. The part consists of two plates with a single-V-
groove weld prepared from flame cutting. One- and two-pass 
welding is considered. 

 
 
Temperatures while flame cutting and welding are measured to adjust and evaluate 
the thermal modelling of the moving heat source in each case. In order to examine 
the degree of which the stresses from the weld are affected by the former 
preparation of the plates, the stress state after flame cutting but before welding is 
measured by means of the neutron diffraction technique. The residual stress state 
after welding of the plates is measured in the same way and serves as a foundation 
for comparisons with and evaluation of the mechanical (also termed structural) 
analysis of the butt weld application. 
 
Because of the process related and geometrical simplicity of this welding task, the 
butt weld application is also subjected to the most consideration with respect to heat 
source modelling, boundary conditions and material modelling. 
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2.2 Analysis of Welded Engine Frame Box 
 
In contrast to the butt weld application, the technological aspects of the second 
problem is by far much more complex with several welds each of several passes and 
hence the residual stress state and not least the final deformation pattern depend on 
the welding sequence. The application in focus is part of a large two-stroke diesel 
engine. The dimensions of the structure investigated are sketched in Figure 2.2. The 
structure comprises single-sided welds between the oblique 25 mm plates and the 
accompanying 40 and 60 mm plates. How the structure forms part of the diesel 
engine is described in details in the application chapter. 
 
 

 
 

FIGURE 2.2 Sketch of the part investigated in the engine frame box 
application. Four single-sided welds in four pass each. 

 
 
Two of the sections sketched in Figure 2.2 are made for the experimental 
measurement and analysis. The root pass in each weld is made with flux cored arc 
welding (FCAW) and subsequently each weld is filled with three passes of 
submerged arc welding (SAW). Temperatures are measured while welding and the 
residual stress state is measured by means of the hole drilling strain gauge method. 
No evaluation of the initial stress state or stress state after preparation by flame 
cutting and so forth is carried out in this case. 
 
One section is post weld heat treated, i.e. stress relieved. This serves the purpose of 
analysing the residual stress influence on fatigue for which tests on the structures 
are made. The practical workshop and fatigue tests with the engine frame box 
application were carried out by others though planned in close collaboration with 
the author.  
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CHAPTER 3 

NUMERICAL  
MODELLING OF  

WELDING 
 
 
 
 
The origin of welding can be sought as long ago as the Bronze Age when pressure 
welding was used to make small boxes of gold. Such boxes are estimated more than 
2000 years old. The blacksmiths of the Middle Ages produced many tools and other 
things of iron by forging or welding by hammering. 200 years ago in 1800, Sir 
Humphry Davy managed to produce an arc between two carbon electrodes using a 
battery. This became a practical process in the mid-nineteenth century and by the 
end of the century gas welding and cutting, metal arc welding and resistance 
welding were developed and became common used joining processes, Cary [1]. 
 
Since then, welding has become one of the most important industrial processes if 
not the most important. It is often said that over 50% of the gross national product 
of the U.S.A. is related to welding in one way or another, Cary [1]. Nearly all 
products in everyday life are welded or made by equipment that is welded.  
 
Despite the significance of welding and the fact that it is the most important way of 
joining two or more pieces of metal to make them act as a single piece, computer 
simulations of welding processes are rather limited compared to other industrial 
processes. That is not surprising since welding involves more sciences and variables 
than those involved in most other industrial processes. 
 
In the following, the complexity and various tasks involved in numerical modelling 
of welding are sought clarified. Starting from the general task of modelling of a 
technological problem and the history of numerical modelling of welding, over a 
description of welding stresses, the coupling effects and geometrical aspects which 
need to be considered, to the most common numerical methods applied in the 
solution of physical problems as that of determining welding residual stresses. 
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3.1 Numerical Modelling of a Technological Problem 
 
With numerical modelling of technological problems, one gets the possibility to 
obtain knowledge of the process investigated often otherwise impossible. With the 
ability to “see” into the process while it takes place, one can obtain competence 
about quantities such as temperatures, microstructures and stresses developing 
during the process. 
 
This does not imply that experiments are invaluable, on the contrary, experiments 
provide material properties and behaviours and in this context often serve as a 
validation of the material model chosen for the analysis as well as a validation of an 
appropriate and realistic process description etc., data which all are needed as input 
for the numerical model previous to the analysis. For the final verification and 
validation of the numerical model's ability to yield the correct answers to the 
technological problem, the experiments are also very important. When first the 
numerical model has been validated, it is often generalised to more or less similar 
technological and geometrical problems and can as such be used for optimisation of 
designs. 
 
Whether one designs for usability or process optimisation, the task involves the 
sequence of steps illustrated with Figure 3.1 from the realisation of a technological 
problem to the technological solution. From the mathematical model to the 
mathematical solution either an analytical or numerical approach can be applied. 
 
 

Analytical/
Numerical
Method

Technological
problem

Physical
phenomena

Mathematical
model

Mathematical
solution

Physical
interpretationsolution

Technological

 
 
FIGURE 3.1  The sequence of steps in the solution of a technological problem, 

after Hattel in [2]. 
 
  
The analytical solution is normally an exact solution of a simple model whereas the 
numerical solution always is an approximation of an often far more complex model. 
In all cases the solution has to be interpreted in relation to the physical problem, - 
an essential part of the mathematical modelling task with risk for misinterpretation 
leading to wrong conclusions of otherwise correct mathematical results. Since all 
the steps in the solution sequence to some degree imply assumptions, the 
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technological solution will be an approximation of the original problem no matter 
the solution method. 
 
This fact, that the sequence of steps in the solution of a technological problem is an 
approximation of the original problem no matter the solution method, is important 
to bear in mind when assumptions are made for the conditions the numerical model 
is built upon and hence the results depend on.  
 
 
3.2 Numerical Modelling of Welding in a Historical Perspective 
 
The analytic theory of heat transfer under conditions applicable to welding was 
established in the 1930s by Rosenthal [3]. During the 1940s and 1950s, the theory 
was extended and refined. Probably among the most referenced from this time are 
Rykalin [4] and for heat conduction in solids in general, Carslaw and Jaeger [5]. 
One of the first presentations of the general theory of thermal stresses including 
non-linear phenomena is given in the comprehensive work by Boley and Weiner, 
1960 [6]. 
 
Before the mid 1980s, limited computing power forced the numerical analysis to 
two-dimensional models though most welding situations result in fully three-
dimensional states of stresses and deformations. 
 
About 20 years was what the phrase “the nearest future” in the remark by 
Andersson [7], “For economic reasons, plane models seem to be necessary at least 
for the nearest future” had to cover before fairly complex three-dimensional models 
could be analysed within reasonably computing time. The first three-dimensional 
transient heat transfer analyses were published in the mid 1980s. A few years later, 
the coupling to thermal stress analyses on quite simple models were feasible from a 
computer hardware point of view. 
 
One of the quantitative goals for computational weld mechanics that was stated at 
this time was, that by means of numerical modelling of welding it must be possible 
to analyse three-dimensional temperatures, microstructures, displacements, stresses, 
strain and defects all together 100 or more times faster than actual welding time, 
Goldak and Bibby, 1988 [8]. That required an increase in analysis speed of 100.000 
times from then 0.1 mm welding per CPU minute for three-dimensional thermal 
stress analyses with low cost computers1. It was stated that considerable gain 
                                                 
1 For the perspective it should be noted that in 1987 IBM introduced its PS/2 machines, which made 
the 3½-inch floppy disk drive and video graphics array (VGA) standard for IBM computers. It was 
the first IBMs to include Intel's 80386 chip and the year when IBM released a new operating system, 
OS/2, that allowed the use of a mouse with IBMs for the first time. In 1989 Intel released the 80486 
microprocessor with an optimised instruction set and an enhanced bus interface doubling the perfor-
mance of the 386 without increasing the clock rate. The Computer Museum History Center [9]. 



N U M E R I C A L  M O D E L L I N G  O F  W E L D I N G  I N D U C E D  S T R E S S E S  

12 

immediately could be provided by moving to state of the art workstations with 
multiple concurrent processing. The rest of the speed-up, approximately a factor of 
100, was expected to come from algorithm developments. This goal was believed to 
be achieved within a couple of years and furthermore to be “quite mature within 
five years”, [8]. 
 
That the developments did not exactly go that fast is no secret. In the next five years 
from 1988 or so, judging from the majority of the literature published, much 
attention was given the coupling effects, microstructure formation and temperature 
distribution in the melt pool. The detailed three-dimensional geometrical modelling 
of these local welding aspects was now possible from a computational point of view 
compared to thermal stress analysis of the complete structure being welded. As 
addressed in Goldak et al. [10], “There are many reasons why thermal stress 
analysis of welds is a much more challenging problem than thermal-microstructure 
analysis”. Among the reasons is the fact that thermal stresses generated by the 
welding process travel over the complete structure while the thermal-microstructure 
analysis only involve material a short distance from the weld path and therefore a 
smaller geometrical model need only be analysed. This is the result of the fact that 
the thermal field is governed by parabolic partial differential equations whereas the 
mechanical field is governed by elliptic partial differential equations. To this comes 
that the mesh used for thermal-stress analysis must be finer than the mesh used for 
the thermal analysis and even this relation gives no serious difficulties for the 
thermal solver with large temperature increments whereas temperature increments 
that generates stresses larger than the yield strength make it difficult to do an 
accurate thermal-stress analysis. 
 
In the mid 1990s, an increasing number of work has been published considering 
calculations of welding induced transient and residual stresses. Mostly standard 
joints as e.g. but welds, pipe girth welds, T-joints etc. has been analysed and only 
rarely with multipass welds or several passes in each weld. Adaptive meshing 
techniques have been used in some cases also in combination with solid-to-shell 
solutions in order to reduce the problem, still very dedicated for the purpose and far 
from the desired general tool for the engineer. In this context it should be noted that 
considerable commercial efforts have been put into making software packages for 
numerical simulation of general welding applications, probably the most 
comprehensive being the French product SYSWELD2. 
 
 

                                                 
2 Since the purpose of this project has been to gain experience with and knowledge of different 
modelling approaches, material models etc. a general-purpose tool as ABAQUS has been the choice 
because of its flexibility and possibility of controlling the numerical process. Furthermore, a tool like 
SYSWELD is rather expensive for a research institution taking its limited use in mind. 
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3.3  The Coupled Problem 
 
The objectives of computational weld mechanics are various, e.g. strength of weld, 
defects, fatigue and corrosion properties or the purpose can be development of 
welding processes or procedures. Numerical modelling of welding involves in the 
general case solution of the governing equations for heat flow, fluid dynamics, 
microstructures, deformations and diffusion of chemical elements. To this come 
special considerations as e.g. electromagnetism, plasma physics, droplet dynamics 
(generation/formation and transfer), etc. All these phenomena are strongly coupled 
though not equally important or relevant at all for all welding processes. Depending 
on the point of view, the evolution of certain variables such as temperature, 
microstructure, displacement, strain and stress are in focus.  
 
Many authors have discussed and presented figures illustrating the different 
interactions and coupling effects one has to consider in relation to welding, among 
these authors are e.g. Karlsson [11], Radaj [12], Goldak [13] and Lindgreen [14]. 
The handling of specific fundamental phenomena in modelling of welds is 
addressed in e.g. Zacharia et al. [15]. Mainly based on these references, some of the 
interactions and coupling effects are described and methodically shown in the 
following Figure 3.2.  
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FIGURE 3.2 The major interactions and coupling effects occurring during 

welding. Strong and weak dependencies are illustrated with 
black and grey arrows, respectively. 
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Volumetric strains due to thermal expansion and phase transformations, so-called 
thermal dilatation, are a dominant load in the stress analysis. To this comes that 
transformation plasticity particular in high strength steels has a major effect in 
reducing the residual stress level in welds, [12]. As the temperature changes from 
above the melting point to room temperature, stress-strain relationship changes 
from viscous over elasto-viscoplastic to rate independent elasto-plasticity. The 
resulting microstructure evolution influences the constitutive equations. Grain size, 
microstructure composition and phase changes influence the mechanical properties, 
discussed by Badeshia [16], as well as the thermal properties and can be accounted 
for by incorporating mixture rules for the material properties in the model. The 
deformation of the structure changes the thermal boundary conditions and 
influences the microstructure evolution. Beyond this, the deformations are generally 
accompanied by a flow of heat due to variations of strain. This latter coupling, for 
example, is usually negligible but must be accounted for in cases where the 
thermoelastic dissipation is of primary interest, [6]. In friction stir welding the 
coupling must necessarily be included, but in traditional welding processes it can be 
omitted.  
 
As a consequence of the various coupling effects and the earlier mentioned three-
dimensional and transient nature of the welding process, a great deal of assumptions 
have to be made if reasonable computation times have to be achieved. Especially in 
connection with an industrial use of the method, the objective of keeping the CPU 
time as low as possible is desirable to have in mind when the model is developed. 
As with all modelling no matter the context, it is important to do only an adequate 
modelling of the process compared to the purpose of the analysis. 
 
 
3.4  Stresses in Welding 
 
Welding leads to deformations and crack-like defects. Especially the latter reduces 
the load carrying capacity and may influence fatigue resistance considerably. These 
mechanical effects are strongly dependent on the residual stresses induced. Further-
more, depending on the tensile/compressive stress state, the buckling strength can 
be reduced just as a tensile stress state can lead to stress corrosion cracking. 
 
Residual stresses are internal forces in equilibrium with themselves. It is those 
stresses existing without (and generally prior to) the application of any intended or 
unintended external loads3. They are induced by fabrication processes as e.g. 
welding, machining, forging etc. By means of local or global heat treatments, shot 
peening etc., the residual stress state can be generally reduced or vanished (stress 
                                                 
3 Residual stresses in this sense are also termed constraint stresses. Residual stresses as a result of 
external self-equilibrating support forces are termed reaction stresses and may superimpose the 
constraint stresses to give the total residual stresses. Finally, the stress state is determined by 
superimposing the total residual stresses to the external load stresses. 
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relaxation), or changed e.g. from tensile to compressive stresses on the surface. But 
even though it seems intuitively tempting to reduce excessive high local residual 
stress levels in this manner in order to minimize fatigue failure risk, favourable 
residual stress states from the manufacturing processes may be present as 
demonstrated with the application presented in chapter 7.  
 
In welding, the residual stresses are developed due to non-uniform thermal 
expansion caused by the locally heating of the structure. The yield stress is strongly 
temperature dependent, so the maximum stress at any point in the metal depends on 
the local temperature. At any time, stresses at any point in the metal specimen 
cannot exceed the initial yield stress (strain hardening neglected), so the thermal 
expansion causes non-uniform plastic deformations throughout the structure where 
the actual yield strength is exceeded. 
 
 

10-3

10-5

10-9

Temperature

Strain
Stress

Displacement

Grain morphology
Rate of grain/crystal growth
Nucleation rate

Local growth rate of crystals
Dislocation density
Microsegregation

[m]

Thermo-mechanics

Metallurgy
(Macrostructures)

Metallurgy
(Microstructures)

Macroscopic

Microscopic

Discipline

σI

σII

σIII

Stress level Dependent effects and variables

 
 
FIGURE 3.3 Classification of first, second and third order residual stresses 

(σI, σII, σIII). Different mechanisms in relation to the length scale. 
 
 
Different processes act in the formation of residual stresses. These can be classified 
by the length scale at which the effect works, [12]. Macroscopic residual stresses 
are those described by thermo-mechanics, i.e. temperature, strain/stress and 
displacement relations down to approx. 1 mm. These stresses are averaged over 
several grains and are termed first order residual stresses. Microscopic stresses can 
be divided in two arising from metallurgical concerns. Second order residual 
stresses act between adjacent grains and are concerned with the formation of grains, 
morphologies, rate of grain growth etc. They are averaged over areas of 1 mm - 10 
µm. Finally, stresses concerned with the interatomic mechanisms, i.e. residual 
stresses acting around e.g. dislocations and imperfections in the interior of 
crystallites are termed third order residual stresses and are averaged over 
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approximately 10 µm - 1 nm. Figure 3.3 shows the relation between length scale, 
the process mechanisms and the classification of the residual stress field, 
schematically. 
 
For mechanical engineering purposes, the macroscopic residual stresses are most 
often of particular relevance why this is also the focal point in this thesis. 
 
 
3.4.1 The Satoh Test 
 
A common way of describing the development of stresses in a thermally loaded 
structure is the so-called Satoh test. This is the classical illustration with a uniaxial 
test specimen fully restrained (εtot = 0) in the axial direction, e.g. Oddy and 
Lindgren [17]. If the material follows Hooke’s law and has a criterion, σy, at which 
it yields plastically, the following constitutive relation is obtained, 
 
 ( ) ( ) ( )e total th p total p pE E E T E Tσ ε ε ε ε ε α ε α ε= = − − = − ∆ − = − ∆ +  (3.1) 
 
In this case it should be noted that the coefficient of thermal expansion, α, is 
assumed temperature independent. The general definition of thermal strain is given 
in section 4.3. 
 
Figure 3.4 shows the test specimen in the Satoh test and the stress response as 
function of prescribed temperature history. Both a perfect plastic material, that is no 
hardening, and a material with linear isotropic hardening is shown. 
 
 

 
 
FIGURE 3.4 Satoh test. Stress response from fully constraint uniaxial test 

specimen subjected to prescribed temperature history. Left 
graph: Isotropic hardening material. Right graph: Perfect 
plastic material. 
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In both cases, as the elasto-plastic material is heated, the thermal expansion of the 
specimen is prevented by the restraints and hence compressive stresses develops. If 
the yield limit is reached and further heating occurs, the material hardens if it is not 
perfect plastic. When cooled, the material contracts and at some stage it would like 
to be shorter than the initial length and tensile stresses develop due to the 
constraints. If the heating has been adequately large, the tensile stresses may reach 
the point of yielding before the initial temperature is reached again. 
 
From equation (3.1) the temperature change required to initiate plastic yielding in 
compression can be estimated to 

 y
yieldT

E
σ
α

∆ =  (3.2) 

 
By using typical material data for mild steel, i.e. Elastic Modulus = 207 GPa, Yield 
Stress = 207 MPa and Coefficient of Thermal Expansion, α = 12·10-6 deg-1, a 
temperature change of approximately 83°C is obtained. It is a notable small 
temperature change initiating plastic deformations in the material. 
 
Typically, the worst stress state in a structure is residual tensile stresses at the yield 
point. The areas of the material exposed for such stresses may be evaluated from the 
temperature changes that have existed in the material during heating (welding). 
Assuming perfect plasticity, the temperature change needed can be estimated from 
 

 
2

2y
yieldT T

E
σ
α

∆ = = ⋅∆  (3.3) 

 
Of course this holds for the uniaxial specimen, whereas the situation in a welded 
structure is more complex, but still this is a fair approximation in the case of the 
dominating longitudinal stresses in a highly constrained butt weld application and 
furthermore a conservative estimate if the material hardens. 
 
 
3.4.2 Qualitative Description of Welding Residual Stresses 
 
Qualitative statements of the residual stress distribution in simple geometrical 
problems can often be given based on an intuitive description of the thermal history. 
As a rule of thumb, tensile residual stresses exist where the material remains heated 
longest and consequently, compressive stresses exist in the material first to reach 
the ambient temperature. 
 
As an example related to one of the main subjects considered in this thesis, the 
longitudinal and transverse stresses in butt welded plates can be described 
respectively as follows;  
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Longitudinal Stresses 
Ignoring the boundary effects, large positive residual normal stresses exist in the 
heat affected zone, i.e. tensile stresses in consequence of the material contracting 
during cooling after being compressed during heating resulting in permanent 
deformations. At the edge perpendicular to the longitudinal direction, the stresses 
will drop to zero due to the free edge boundary condition. 
 
The material at some distance from the weld will not be heated that much and 
therefore it keeps its strength. This restrains the heated material in and near the weld 
from expanding and as a consequence, opposite stresses, i.e. compressive stresses in 
the residual state, develop in the colder material away from the weld. 
 
 

 
 
FIGURE 3.5 Numerical modelling illustrating the principle of a) longitudinal 

transient and residual stresses and b) transverse transient and 
residual stresses from welding (one pass SAW in a butt-weld of 
two 330 x 210 x 15 mm mild steel plates). Only one plate shown 
due to symmetry. 
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It is noticeable that, in general, the residual stress field has the opposite sign 
compared to the transient stress field experienced during welding. That is, when 
welding, longitudinal stresses near the weld are compressive while tensile stresses 
exist further out in the plates (of course where the material is extensively heated no 
stresses exist due to vanishing yield stress at elevated temperatures). With Figure 
3.5 this pattern is illustrated. The stress fields shown are the result of a finite 
element modelling of a one-pass butt weld in 15 mm mild steel plates. The model is 
based on the method described in later sections of this thesis. Only the symmetrical 
half of the weld is shown. 
 
Transverse Stresses 
Even though the heat source is moving from one edge to the other, the material to 
cool the last will be that in the centre of the plates except for very low welding 
velocities. In general, this depends on the thermal boundary conditions. Therefore 
the material towards the edges will obtain its strength previous to that in the centre. 
If the plates are free to expand, this will lead to compressive stresses near the edge 
as a counterbalance to the tensile stresses developing in the last material to cool, 
Figure 3.5. On the other hand, if the plates are restrained in the transverse direction, 
adequately close to the weld, tensile stresses will develop along the entire weld 
except for the very ends, which will be in compression4. 
 
From the residual transverse stress field obtained with the numerical analysis shown 
in Figure 3.5, it can be seen that the welding sequence does make a minor 
difference even in this simple geometrical case. The transverse compressive stresses 
at the start of the weld tend to be more excessive than those at the end of the weld.  
 
 
3.5  Geometrical Considerations in the Modelling of Welding 
 
For the development of welding processes and for the metallurgy of welds, the 
temperature fields in the near weld zone region are most important and the far weld 
region can often be neglected except for providing heat sink. Size and shape of the 
weld pool are therefore of interest and hence microstructure and fluid flow 
calculations are crucial for near weld analyses.  
 
On the other hand, it has in many cases been shown that the distribution of the heat 
input into the weld and thereby the prediction of shape and size of the weld pool has 
only minor effects when calculating residual stresses globally in real structures. 
Therefore, it is also widespread acceptable to neglect fluid flow calculations and 
evolution of microstructure in the weld pool in these cases. This is also applicable 
when analysing distortions in a welded structure though the heat distribution and 

                                                 
4 See Enclosure B for case sheet on residual stress dependency of the distance to the transverse 
constraining of the plates. Applied process in the test case; Laser welding of AISI 304 steel sheets. 
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modelling of weld preparation and filler material in this case often play a significant 
role.  
 
More important is the geometrical modelling and connectivity describing the 
constraints of the structure during welding. As mentioned in the introduction, most 
structures need to be modelled full three-dimensionally to adopt all deformations, 
i.e. angular distortions, bends, buckling, elongations and contractions etc. Taking 
into account the calculation time that normally can be expected with three-
dimensional models, alternative geometrical modelling procedures are often sought 
for the actual structure. 
 
In the following, the different two-dimensional assumptions used for welding are 
presented with the first being the one used in this thesis for the engine frame box 
application. 
 
 
3.5.1 Plane Strain and Generalized Plane Strain 
 
If the structure to be considered has one of the dimensions considerably longer 
compared with the other two dimensions, i.e. a prismatic body, and the load is not 
applied on the long dimension, a plane strain assumption can be used, Figure 3.6. 
 
 

 
 
FIGURE 3.6 A prismatic body suitable for the plane strain assumption. 

 
 
A plane strain hypothesis leads to an exaggeration of the stiffness in the orthogonal 
direction to the plane considered. This restraining gives an overestimate of the 
stresses in this out-of-plane direction increasing the tendency to plastic yielding.  
 
With the generalized plane strain theory, also termed plane deformation, the model 
is assumed to lie between two bounding planes, see Figure 3.7. This hypothesis 
allows free translatory movements in the orthogonal direction of the transverse 
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plane considered. In addition, rotations of the bounding planes about the in-plane 
axes are allowed. The extra degrees of freedom remedy the over-restraining of the 
ordinary plane strain model to some extent. The generalized plane strain 
formulation also allows an initial angle between the bounding planes to be defined 
permitting modelling of initial curvature in the out-of-plane or “axial” direction. 
The deformation of the model is independent of position with respect to the 
orthogonal direction, thus causing direct (normal) strain of the “orthogonal” fibres 
of the model only. 
 
 

 
 
FIGURE 3.7 Generalised plane strain model, as presented in ABAQUS [18]. 

 
 
The generalized plane strain assumption obviously is able to model the case of 
unequally distributed loading conditions across the plane that affects the long or 
out-of-plane direction. This is exactly the case in most welding applications where a 
two-dimensional assumption could be imagined applied. 
 
The plane strain / generalised plane strain assumption is by far the most frequently 
used in numerical analysis of welding. It has for many years been computational 
manageable compared to 3D models. The different aspects of this kind of 
assumption are further discussed in [7]. Examples of uses of newer dates are 
[19,20,21,22]. 
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3.5.2 Plane Stress 
 
If a structure has one of the dimensions short compared to the other two 
dimensions, i.e. a thin slice, a plane stress assumption can be used. This is 
illustrated with Figure 3.8. The assumption implies that temperature, deformation 
etc. are assumed constant through the thickness and the stress normal to the plane is 
zero. With this assumption, all loads are in-plane and out-of-plane bending is 
ignored and obviously angular deformation cannot be predicted.  
 
The plane stress approximation is less suitable for most analyses involving 
traditional arc-welding processes, but it could be used in connection with welding 
processes involving heat sources with roughly constant temperature distribution 
throughout the thickness as e.g. laser welding of thin plates. Additionally, plane 
stress does not imply boundary conditions on the plane surface such as thermal heat 
loss due to convection and radiation.  
 
 

 
 
FIGURE 3.8 A thin plate suitable for plane stress assumption. 

 
 
Despite the limitations, butt welded plates have been investigated using plane stress 
condition with success leaving out any detailed information of stresses in the weld 
metal and heat-affected zone. A very early example of this can be seen in Muraki et 
al. [23] from 1975. 
 
 
3.5.3 Shell Element Formulation 
 
The shell element formulation allows for boundary conditions on the surface (e.g. 
convection on the surface unlike the plane stress formulation which only accounts 
for boundary conditions on the edge) and takes into account out-of-plane bending 
behaviour why this formulation is also more used than the plane stress assumption. 
Indeed, it is also a 3D formulation and hence more descriptive but therefore also 
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more computationally demanding. The shell theory has been used for many 
applications, e.g. in Michaleris and DeBiccari [21] for the prediction of welding 
distortion in large structures using structural elements (shells, beams and trusses), or 
the modelling of stresses in pipe girth welds, Dong et al. [24].  
 
In recent years thorough work considering distortions in large and complex welded 
structures has appeared using a detailed 3D model of the local distortion and stress 
distribution around the weld and subsequently projecting this result as boundary 
condition on to a global model described by the less computational demanding shell 
elements, Mourgue [25] and Andersen [26].  
 
An additional advantage of the shell element formulation is the ease with which the 
geometrical models can be made (enmeshed etc.) and altered compared to the time 
consuming preparation of a full 3D model. This is a crucial matter in terms of a 
design tool involving numerical modelling of welding. 
 
 
3.5.4 Axisymmetric Deformation 
 
If a structure is axisymmetric, i.e. a body of revolution generated by revolving a 
plane cross-section about an axis, and the load can be applied axial symmetrically, 
an axisymmetric deformation assumption can be used as shown in Figure 3.9. This 
gives three-dimensional deformations and stress fields with any given non-uniform 
load, though independent of the circumferential coordinate. 
 
 

 
 
FIGURE 3.9 Plane defining axisymmetric model, rotated 360°. 
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Axisymmetric models supporting torsion loading are available and are often 
referred to as a generalized axisymmetric assumption. This can also be used for 
axisymmetric solids with twist. This modelling principle is shown in Figure 3.10 as 
presented in the documentation for ABAQUS. The shape for revolution is modelled 
in the x-y plane. A controlling node is used to define the twist by rotating the node 
around the axis of symmetry an angle of Φtwist. 
 
 

 
 
FIGURE 3.10 Representation of axisymmetric model, with twist in (b). After 

ABAQUS [18]. 
 
 
For welding, the axisymmetric approach, normally without twist and torsion 
loading, can be used as an approximation for girth welds if the weld speed is high 
compared to the dimension of the pipe and no near weld effects are of interest. It 
approximates the weld being cast in one and hence no starting and stopping 
condition are included. This is seldom of interest and therefore this assumption is 
rarely usable. 
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3.6 Numerical Methods 
 
Numerical analysis has been the key link between theoretical mathematics and its 
application in science and technology for many years. Several numerical 
approaches exist to provide sufficiently accurate approximations to the solution of 
often quite complex problems that are of interest for scientist and engineers. Among 
these methods are the classical Finite Difference Method (FDM), the Boundary 
Element Method (BEM), the Boundary Domain Integral Method (BDIM), the Finite 
Element Method (FEM) and the Finite Volume Method (FVM) including the 
Control Volume based Finite Volume Method (CV-FVM). 
 
All of such methods are applicable for the solution of physical problems for which 
there are no analytical solutions readily available. Where analytical solutions are 
continuous, given by a function of time and spatial variables, the numerical 
solutions obtained are discrete in nature, i.e. they are obtained at certain points in 
time and only at a finite number of points in the spatial domain of the problem.  
 
The governing differential equations are based on the equilibrium of the physical 
processes in the domain of interest. The time integration of the equation can, in 
principle, be performed using either implicit or explicit integration schemes. Using 
the implicit method, the solution has to be calculated iteratively at every discrete 
time step. On the other hand, the explicit time integration can be performed without 
iteration and without solving a system of linear algebraic equations. This integration 
scheme is only conditionally stable though, limiting the time step. 
 
What distinguishes each of the numerical methods, is the way the discretisation of 
the governing differential equations is handled. 
 
 
3.6.1 Finite Difference Method 
 
The basis of the finite difference method (FDM) is the governing equations as they 
are in differential form. The continuous derivatives are then substituted with 
difference approximations obtained from Taylor series expansions or polynomial 
fitting of the unknowns at the grid points in the calculation domain. Though 
irregular grids can be used for finite differences, regular grids are almost 
exclusively used because of the simple difference schemes and solvers that can be 
used.  
 
The finite difference method was the first numerical method developed and it is 
relatively straightforward. It has been used primarily for heat and flow calculations 
but also to some extend for stresses and deformations until the development of the 
more flexible methods described in the following. 
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3.6.2 Finite Volume Method 
 
The finite volume method (FVM) is distinguished by its basis on physical 
considerations rather than complicated mathematical manipulations. The starting 
point for the finite volume method is an integral form of the conservation equations 
for the physical processes. The spatial domain is subdivided into a finite number of 
discrete adjoining control volumes with the nodal point in the centre or on the 
control volumes’ boundary points. Staggered grid formulations involve nodal points 
both places. The variables are typically approximated by their average values in 
each volume or by piecewise linear functions, and the changes through the surfaces 
of each volume are approximated as a function of the variables in neighbouring 
volumes.  
 
As a result of the physical interpretation making the basis of the finite volume 
method, exact equilibrium is maintained in contrast to the “weak formulation” used 
in the finite element method. 
 
The finite volume discretisation can be used for both regular and irregular meshes 
but the advantages of the regular mesh have made this the preferred choice in most 
cases. 
 
 
3.6.3 Finite Element Method 
 
The finite element method was first proposed in 1943 by R. Courant and developed 
as late as in the 1950s and 1960s. The term "finite element" was first used by 
Clough [27] in 1960. Today, it is a versatile numerical technique widely applied to 
solve problems covering almost the whole spectrum of engineering analysis. 
Common applications include static, dynamic and thermal behaviour of the physical 
systems that describe complex structures and engineering problems.  
 
The domain of interest is discretised into finite elements and approximating 
functions for the physical problem are determined. Whether the physical problem is 
described by partial differential equations or can be formulated as minimization of a 
functional, several approaches can be used of which the Galerkin method and the 
variational formulation are the most common, respectively.  
 
Unlike the finite volume method where the grid points are normally “placed” in the 
volumes (cell-centred), the finite element mesh is build from the grid points called 
nodes such that each node are connected to adjacent nodes making up finite 
elements, see Figure 3.11. All nodes sharing an element exchanges information with 
each other through shape functions and other characteristics such as the material 
properties of the element. The finite element is normally irregular since there is no 
special advantage in using regular meshes.  
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Linear elements for FEM Volumes for FVM (cell-centred)

2-D 3-D 2-D 3-D  

 
FIGURE 3.11 Typical two-dimensional and three-dimensional elements with 

nodes, and volumes with grid points used in the finite elements 
method and the finite volume method, respectively. 

 
 
The governing equations and the basis of the finite element discretization are 
outlined in the following chapter. For a thorough description of the finite element 
method in general, see e.g. Zienkiewicz [28]. 
 
 
3.6.4 Applications of the Methods 
 
Of the methods mentioned above the last two are certainly the most widely used 
approaches today. Each has its advantages and both are therefore not necessarily 
equally applicable for the same problem. Solid mechanical problems are almost 
exclusively solved by the finite element method whereas control volume based 
finite difference method is very well suited for pure heat conduction and fluid flow 
problems. Practical applications of method combinations are seen to benefit by the 
advantages of each method, e.g. an integration between the two methods FDM and 
FEM to solve solidification (heat transfer) and stress, respectively, Chen et al. [29]. 
 
In mechanical engineering applications, such as welding and casting, prediction of 
deformation and stress state is most often of great concern. In that context, the 
dependency on e.g. thermal history and fluid flow is as usual very important why a 
good numerical method preferable should be able to handle all aspects of the 
physical problem. 
 
As mentioned above, the finite element method is general purpose and is used for 
most problems. Nowadays, even fluid flow governed by the Navier-Stokes 
equations can be solved, see e.g. Gresho and Sani [30], for a comprehensive 
reference work covering the application of the finite element method to 
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incompressible flows. Nevertheless, the usability of the control volume method for 
fluid flow and heat conduction calculations favours this method for these kinds of 
analyses.  
 
In order to gather the numerical analysis of all physical processes in the same 
method, a stress/strain formulation has been implemented in the control volume 
method, Hattel [31]. The formulation is based on the staggered grid approach used 
in fluid flow application to overcome difficulties with the interpretation of the net 
pressure force in the momentum equation, Patankar [32]. Especially the further 
development of this stress/strain formulation during the last couple of years has 
proven the applicability of the control volume method, Thorborg [33]. An example 
of an industrial application of the stress/strain formulation in this method can be 
found in Hattel et al. [34]. 
 
It deserves notice, that with the union of theoretical and computational concerns in 
numerical analysis, the focus is extended from a description of the physical 
relations describing the practical problem to include a strong emphasis on choice of 
method, algorithms, their time and memory usage, the influence of approximation 
formulas and especially errors in material properties on results etc. 
 
 
3.7 Chapter Summary 
 
The entire concept of numerical analysis of welding has been introduced. The 
complexity and various tasks involved in the numerical modelling have been treated 
starting from a brief historical introduction. 
  
The many physical phenomena involved in the description and analysis of the 
welding process have been described. The mutual relations have been illustrated 
methodically with Figure 3.2 of the different interactions and coupling effects 
occurring during welding with their strong and weak dependencies. 
 
A survey of the welding induced stresses is given in general. As the physics, acting 
on a structure, interferes, stresses develop on the microscopic and macroscopic 
stress level. The influence of internal restraining due to unequal thermal cooling of 
the structure leading to residual stresses are explained and a qualitative description 
are clarified with contour plots of the results from numerically calculated transient 
and residual stress fields from butt welded plates. 
 
In the modelling of welded structures, and technological problems in general, 
geometrical assumptions restricting the analysis to cover boundary conditions and 
other interactions only acting in certain spatial directions, can be convenient and in 
some cases necessary in order to be able to accomplish the analysis. The 
geometrical considerations and possible assumptions, which have to be taken into 
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account in the modelling of welding processes, are explained with the most 
important for the application analysed in the present thesis, being the plane strain 
and generalized plane strain formulation. 
 
Finally, a general introduction to and description of the most prevalent numerical 
methods is given including a short note on the practical use of each together with 
their relation to analyses of the welding process. 
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CHAPTER 4 

THERMO- 
MECHANICAL 
ANALYSIS OF  

WELDING 
 
 
 
 
In traditional welding applications, the heat generated by plastic deformation is 
orders of magnitude less than that generated by the moving heat source during 
welding. Therefore, a sequential thermal and mechanical numerical analysis can be 
applied; i.e. the mechanical analysis depends on the calculated thermal field but not 
vice versa. The approach of dividing the thermo-mechanical calculation into two 
steps is the most frequently adopted, and this is also the procedure applied in the 
present work.  
 
The basis of the sequential thermo-mechanical analysis is as follows. At first, the 
thermal analysis is carried out to calculate the time-temperature distribution in a 
non-linear heat transfer analysis. The heat input into the work piece is approximated 
by a moving heat source with constant shape together with the addition of weld 
filler at an initial temperature well above the liquidus temperature. Moving heat 
source models including the principle applied in this work are described in the next 
chapter 5.  
 
Subsequent to the thermal analysis, the temperature field is used as a thermal load 
in a non-linear mechanical analysis to calculate the mechanical effects on the work 
piece due to thermal strains. In this part of the calculation it is assumed, as outlined 
before, that the temperatures are not affected by the stresses and deformations of the 
work piece. 
 
In the following, the governing equations for the thermo-mechanical analysis are 
shortly outlined together with the finite element discretisation followed by a 
discussion of the thermal as well as mechanical boundary conditions. Furthermore, 
the modelling of material behaviour is treated with respect to each material property 
as they are applied in the models of the present work. 
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4.1 Governing Equations and Finite Element Interpretation 
 
The analysis of the application is limited to a thermo-mechanical problem by 
neglecting fluid flow, microstructural formation, plasma physics, electromagnetism 
etc. and hence the equilibrium equations left to solve are the heat balance and force 
equilibrium for the thermal and the mechanical analysis, respectively. These are 
presented in the following, together with a short introduction to the necessary 
discretization adopted in the finite element code in order to solve the balances 
numerically. 
 
 
4.1.1 Thermal Analysis 
 
Heat conduction is assumed governed by the Fourier law. Together with the source 
term from the process, the (transient) governing equation for temperatures becomes 
 

 p V
T T T Tc k k k Q
t x x y y z z

ρ
 ∂ ∂ ∂ ∂ ∂ ∂ ∂   = + + +    ∂ ∂ ∂ ∂ ∂ ∂ ∂    

&  (4.1) 

 
or by means of tensor notation 
 
 ( ), ,p j Vj

c T kT Qρ = + &&  (4.2) 

 
where T is the temperature; ρ is the density of the material; cp is the specific heat; k 
is the heat conductivity; and VQ&  is the is the heat supplied externally into the body 
per unit volume from the welding process. 
 
For the finite element formulation, the basic energy balance is expressed in the form 
of an integral over the volume of the body, by the “weak form” obtained from the 
principle of virtual temperatures, expressed as 
 
 ( ) ' ' 'p

V V S V

T c T dV T kT dV Tq dS Tr dVρ + = +∫ ∫ ∫ ∫  (4.3) 

 
where V is the volume of solid material, with surface area S; T  indicates that a 
virtual temperature distribution is being considered; q is the heat flux per unit area, 
flowing into the body; and r is the heat supplied externally into the body per unit 
volume. 
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4.1.2 Mechanical Analysis 
 
The mechanical model is based on the solution of the three governing partial 
differential equations of force equilibrium. In tensor notation, these are written as 
 
 , 0ij i jpσ + =  (4.4) 
 
where pj is the body force at any point within the volume and σij is the stress tensor.  
 
As the basic equilibrium statement for the finite element formulation, the three 
equilibrium equations are replaced with an equivalent “weak form”, the principle of 
virtual work expressed as 
 
 ij ij i i i i

V V S

dV p u dV T u dSσ δε δ δ= +∫ ∫ ∫  (4.5) 

 
where δε  is the virtual strain (corresponding to the virtual deformation), uδ  is a 
virtual displacement field and T is the surface traction at any point on S.  
 
The physical interpretation of the virtual work statement is that the work done by 
the external forces subjected to a virtual admissible displacement field is equal to 
the work done by the equilibrating stresses due to the same virtual displacement 
field. 
 
 
4.1.3 Strain Decomposition 
 
When solving the equilibrium equations, small strain theory can usually be applied 
in welding processes. The total strain is then assumed to be an additive 
decomposition of the strain in parts caused by elasticity (e), plasticity (p), 
transformation plasticity (tp), viscoplasticity (vp), creep (c), temperature (th) etc. 
This total strain can be expressed as 
 
 ...total e p tp vp c th

ij ij ij ij ij ij ijε ε ε ε ε ε ε= + + + + + +  (4.6) 
 
In numerical analyses of welding, the thermal, elastic and some plastic part are 
always necessary in order to predict the residual stresses. As usual, creep strains are 
not included in the mechanical analysis of welding because the time spent at high 
temperatures is very short. To this comes, that if the austenite decompositions take 
place at a relatively high temperature for the steel investigated, the volume change 
and hence transformation plasticity can be ignored. Furthermore, see section 4.3 for 
different aspects of the role played by phase transformations in connection with the 
modelling of material properties and behaviours. 
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Thus, with these assumptions the total strain is composed of an elastic, plastic and 
thermal part as 
 total e p th

ij ij ij ijε ε ε ε= + +  (4.7) 
 
The plastic deformation occurring as a result of the thermal cycle is responsible for 
the development of the residual stresses, i.e. the thermal expansion and contraction 
drive the stress changes through the plastic deformation but it is the elastic part of 
the strains that gives the stresses in terms of Hooke’s law which is the fundamental 
way of relating strains to stresses. Experimental measurement methods, e.g. neutron 
diffraction and strain gauge measurements, also rely on this fact, i.e. they actually 
measure elastic strains and convert to stresses afterwards. More on this later. 
 
 
4.1.4 Finite Element Discretization 
 
Based on the principle of virtual work, it is possible to discretize the fundamental 
governing differential equilibrium equations (4.2) and (4.4), and by that describing 
the physical problem on weak form on a specific domain in terms of finite elements. 
For the discretized structure, the unknowns are the nodal temperatures and the nodal 
displacements for the heat transfer analysis and the mechanical analysis, 
respectively. Based on the nodal values, point-wise fields are interpolated using the 
shape functions of the element. 
 
Principle of Virtual Temperature 
For the heat transfer problem, the principle of virtual temperatures is applied to 
discretize the heat flux balance in terms of the nodal temperatures. This leads to an 
overall balance of heat fluxes by the assemblage of element integrals by summation. 
By definition, the temperature gradient in the element is given by 
 
 { } { }' thT B T ≡    (4.8) 
 
where [Bth] is the temperature-gradient interpolation matrix. This matrix is obtained 
by appropriate differentiations of the shape functions. As indicated previously, the 
constitutive law for the heat transfer analysis is given by Fourier’s law relating the 
fluxes to the temperatures in terms of the constitutive conductivity matrix [Kk].  
 
The information of the temperature-gradient interpolation matrix and the 
constitutive relation is used in the equation of principle of virtual temperatures, 
equation (4.3), where the integration over the structure is obtained as a sum of 
integrations over the volume and areas of all finite elements. From this summation 
of element contributions, the full system of equilibrium equations, expressed by the 
nodal fluxes, is obtained for all the nodal point temperatures. 
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This leads to the general finite element equation of the system, 
 
 [ ]{ } { } { } { }k

hc q rC T K T R R + = + 
&  (4.9) 

 
where [Chc] is the heat capacity matrix, [Kk] is the conductivity matrix of the 
system, {Rr} the heat flux over the volumes and {Rq} the element surface heat flux. 
The different contributions are obtained by appropriate integrations over the 
volumes and surfaces. 
 
Principle of Virtual Displacements 
Based on the principle of virtual work in terms of virtual displacements, the overall 
force equilibrium is obtained for the discretized structure. The unknowns are the 
nodal displacements from which the point-wise displacements are interpolated 
using the shape functions of the element. Likewise, tractions and forces are applied 
at nodes. By definition, the relation between strains and displacements is, on matrix 
form 
 { } [ ]{ }total B uε ≡  (4.10) 
 
where [B] is the fundamental strain-displacement matrix. It corresponds to the 
temperature-gradient interpolation matrix for the thermal analysis and it is similarly 
obtained by appropriate differentiation of the shape functions. The stresses in a 
finite element are related to the element strains in terms of the actual constitutive 
law describing the material behaviour of the considered structure, on matrix form 
 
 { } [ ]{ }totalCσ ε=  (4.11) 
 
where [C] is the constitutive matrix, e.g. described by Hooke’s law for a thermo-
elastic material. However, [C] is a general matrix and can describe more 
complicated material models including anisotropic materials. In the present case, it 
describes a time-independent elasto-plastic material. 
 
Similar to the heat transfer analysis, the strain-displacement relation and the 
constitutive relation is used in the equation of principle of virtual work. Again, the 
integration over the structure is obtained as a sum of integrations over the volume 
and areas of all finite elements and from this summation of element contributions, 
the full system of equilibrium equations, expressed by the nodal forces, is obtained 
for all the nodal point displacements. This leads to the general finite element 
equation of the system 
 
 [ ]{ } { } { } { }b s cK u R R R= + +  (4.12) 
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where [K] is the stiffness matrix of the system, {Rb} the body forces over the 
volumes, {Rs} the element surface forces and finally {Rc} the concentrated nodal 
loads. The different contributions are obtained by appropriate integrations over the 
volumes and surfaces.  
 
Isoparametric Formulation 
Typically, the isoparametric formulation is used as a versatile formulation to 
formulate the system in generalized coordinates and thereby be able to describe 
elements with general shapes. Due to the coordinate transformation, the integration 
over the volumes and surfaces can be obtained by numerical integration, e.g. by 
Gaussian quadrature, where the involved terms are evaluated in gauss points to 
form the approximation of the integral. For the stiffness matrix this evaluation of 
the integral would be obtained by the transformation 
 
 [ ] [ ][ ] [ ] [ ][ ] [ ]

1 1 1

1 1 1e

T Te

V
K B C B dV B C B J d d dξ η ς

− − −
  = =  ∫ ∫ ∫ ∫  (4.13) 

 
where ξ, η and ς are the isoparametric element coordinates. The right hand side of 
equation (4.13) is integrated numerically to evaluate the volume integral. Topics of 
the isoparametric formulation and numerical integrations are presented in several 
standard textbooks of finite element theory, e.g. in Bathe [35], Cook et al. [36] and 
Hughes [37], as well as in ABAQUS Theory Manual [38]. 
 
 
4.2 Boundary Conditions 
 
In welding, the transient temperature distribution is the source driving the 
development of elastic and plastic strains leading to the final residual stress state in 
the structure. From the heated weld, the energy is transported by diffusion, i.e. 
conduction in the material, to the boundaries. The condition at these boundaries can 
be defined in different ways and is essential for a correct prediction of the transient 
temperature fields in the structure. Equally, the different restraints acting on the 
structure during welding and cooling of the material, have a decisive influence on 
the stress development. In the following, the boundary conditions are discussed 
with a distinction between those influencing the thermal analysis and those 
influencing the mechanical analysis.  
 
 
4.2.1 Thermal Boundary Conditions 
 
Three thermal boundary conditions are considered in the following. The most 
simple thermal boundary condition is the prescribed temperature. It is 
mathematically very convenient, giving a strong condition (Dirichlet) since the 
solution is already known at the boundary. This means that there is no need for 
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further iteration because of the boundary conditions. Although being 
mathematically well suitable, it is very seldom present in real problems. Even for a 
boundary to a cooling (or heating) medium, e.g. water at a constant temperature, a 
more appropriate boundary condition will be that of surface convection according to 
Newton's law. This is given by 
 
 ( )0con conq h T T= ⋅ −  (4.14) 
 
where hcon is the heat transfer or film coefficient and T0 the sink temperature. 
 
The convective film coefficient to the surroundings depends on conditions as wind 
speed where the structure is welded and can have a significant cooling effect though 
as usual limited. 
 
Another surface effect is the heat loss due to radiation. According to Stefan-
Boltzmann's law the radiative heat loss is given by 
 
 ( ) ( )( )4 4

0rad Z Zq T T T Tε σ= ⋅ ⋅ − − −  (4.15) 

 
where ε is the emissivity constant, σ is the Stefan-Boltzmann constant and TZ is the 
absolute zero on the actual temperature scale considered. 
 
In addition to the heavy dependency on surface temperature, the radiation depends 
on the surface condition, e.g. how glossy the surface is and the colour of the heated 
surface. The lighter and glossier, the higher the emissivity constant ε and hence 
higher heat loss. 
 
A convenient formulation of the boundary value problem of heat conduction 
involves the radiation loss being calculated by using an equivalent film coefficient1 
given by 
 ( )0rad radq h T T= ⋅ −  (4.16) 
 
The equivalent radiative film coefficient hrad heavily depends on T and T0 and has 
equal importance as the convective heat transfer coefficient hcon for temperatures up 
to approximately 300°C, Figure 4.1c. For higher temperatures the effect of radiation 
drastically increases. In Figure 4.1a and 4.1b the temperature dependence of the 
convective and radiative film coefficients are shown together with the sum of the 
two for temperatures up to 3000°C. The temperature dependence of hrad makes the 
                                                 
1 This approach is used in the models presented in this thesis in order to save calculation time, 
though tests have shown that this has only little effect in ABAQUS with the kind of analyses 
investigated. That is, the option *RADIATE can be used if convenient. Cavity radiation on the other 
hand is rather CPU expensive and this approach should only be used if crucial for the calculation. 
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boundary condition non-linear despite the linear expression of equation (4.16). In 
general, this calls for iterations in the finite element formulation. 
 
 
A) B) 

FIGURE 4.1 
A) The convective heat transfer coef-

ficient as function of temperature. 
B)  The equivalent radiative heat 

transfer coefficient as function of 
temperature and the sum of the 
convective and radiative contri-
bution. 

C)  Convective, radiative and the sum 
for temperatures up till 500°C. 

C) 

 
 
 
4.2.2 Mechanical Boundary Conditions 
 
If a metal piece is heated uniformly and has complete freedom to move in all 
directions, it will return to its original form if allowed to cool uniformly. These 
conditions do not exist during welding since the heating obviously is not uniform. 
The heat is concentrated at the joint, with the arc temperature being much higher 
than that of the base metal. Uneven contraction between the weld material and the 
base metal will occur and lead to stresses generated across the welded joint. These 
stresses will be greatly influenced by factors as external restraint, material 
thickness, joint geometry and fit-up. 
 
As the amount of restraint increases, the internal stresses will increase and care 
should be taken to ensure that the material and the welded metal can accept the 
stress. Areas of stress concentration around the joint are more likely to initiate a 
crack at the toe and root of the weld. The degree of restraint acting on a joint will 
generally increase as welding progresses due to the increase in stiffness of the 
structure as the molten material solidifies. This is typically a greater concern in 
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thicker metal structures. If no external restraint is applied during welding and 
cooling, the stresses will cause the structure to distort and will find a degree of 
relief. Internal constraints are composed of e.g. multidimensional nonlinear 
temperature fields. One can say that restraint is a measure of a structure's ability to 
develop residual stresses. 
 
The mechanical boundary conditions that describe the external load condition on 
the free surface can be either kinematic or static. If the displacement is prescribed at 
the surface, the boundary condition is termed kinematic (or a Dirichlet condition), 
expressed by 
 i iu u=  (4.17) 
 
This is the case when some part of the structure is encastred, i.e. fixed in space, and 
then ui = 0. 
 
Another part of the surface can be subjected to prescribed tractions as surface loads, 
i.e.  
 ij j in tσ ⋅ =  (4.18) 
 
and this is then termed a static boundary condition (or a Neumann condition). In the 
case of a welding application, this could be a clamping force on the work piece not 
large enough to ensure the fixation as the welding deformations develop. As usual 
the clamping force will be ample so the region of the structure that is clamped can 
be assumed fixed in space. 
 
 
4.3  Material Modelling 
 
It is a general statement in literature that special attention must be paid to the 
description of the material properties and its behaviour if further advances in 
numerical modelling of welding phenomena have to be achieved. But it is also 
evident that the material model and relevant properties need only represent the real 
material behaviour with sufficient accuracy. 
 
The mechanical material properties of metals at temperatures close to the melting 
point and at high heating and cooling rates (more than 1000 °C/s) are far from known 
exactly. In addition, the calculation of the material composition in the mixed zone 
of molten and solid material is difficult and with the focus on global stress and 
distortion effects, the zone around the weld cannot nearly be modelled with as fine a 
mesh as needed for a micro-structural analysis as discussed in section 3.5.  
 
In the applications analysed in the present work, both thermal and mechanical 
material properties of weld metal and heat affected zone are assumed to be the same 
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as that of the base metal due to the lack of information on material properties of 
weld metal (i.e. the mix of filler and base metal) and heat affected zone. The 
material considered in this thesis is mild steel, more specific with point of reference 
to the standard DIN 17100/1016. The grade of steel considered is ST37-2. 
 
The various material properties receiving attention in connection with the task of 
modelling welding induced stresses are treated in the following. In some cases only 
described briefly. Phase transformations and the influence on thermal dilatation are 
described in a separate section. First, some of the microstructure and alloying 
mechanisms influencing material properties are briefly mentioned to give an 
impression of how many-sided material modelling is. 
 
 
4.3.1 Microstructure and Material Properties and Behaviour 
 
The mechanical properties are controlled by the chemical composition and the 
microstructure of the alloy. With respect to the carbon and alloy steels, the 
influence of microstructure is considerably larger than that of chemical composition 
[39]. Just to mention some of the effects of alloy elements on for example pearlite 
growth, it is necessary to distinguish between austenite stabilizers (e.g. Mn, Ni, Cu) 
and ferrite stabilizers (e.g. Cr, Mo, Si). The overall mechanism is that austenite 
stabilizers depress the A1 temperature, while ferrite stabilizers have the opposite 
effect, Porter and Easterling [40]. The primary aim of adding alloying elements to 
steels is to increase the hardenability, that is, to delay the time required for the 
decomposition into ferrite and pearlite. This allows slower cooling rates to produce 
fully martensitic structure. Naturally, the chemical composition then influences the 
material properties indirectly through the microstructure formations. 
 
The microstructures change during heating from ferrite + pearlite to austenite and 
during cooling from austenite to either ferrite + pearlite, bainite or martensite 
depending on temperature cycle and cooling rates. Microstructural evolution can 
take many forms during these processes, e.g. grain growth, recrystallization, 
precipitation, and coarsening. These microstructural changes introduced by 
processes such as annealing (intentional) or in the heat affected zone in welds 
(inadvertent) exert a strong influence on the final material properties including 
hardness, wear resistance and toughness. Hence, the behaviour of a material on the 
macroscopic scale and, in its entirety, the integrity of the welded joint, depends 
largely on its microstructure. 
 
The prediction of the formation of the microstructure during welding, and of other 
solidification processes for that matter, can be a determining factor in the material’s 
cost of a structure and a decisive factor for the structure's performance. Nowadays, 
the increasing computing powers allow the direct simulations of the dendritic and 
the cell morphology and also of the columnar grain in the molten zone on specific 
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temperature conditions. One approach for modelling the microstructure dependence 
of the material properties in the heat affected zone as a function of the local 
temperature cycle, is to identify cooling rates in the heat affected zone and use these 
together with a maximum-temperature cooling-time diagram to estimate the 
microstructure of the material. This is presented in Voss [41] with a solution that 
can be integrated in commercial general-purpose finite element programs like 
ABAQUS and ANSYS. But this is all out of the scope of this thesis. 
 
 
4.3.2 Thermal Properties 
 
To analyse the transient energy distribution in a material, conductivity and heat 
capacity of the material must be specified. If the material furthermore undergoes 
phase transformations this must be assessed to be captured adequately and 
especially if liquid-to-solid transformations occur, the solidification heat must be 
considered. 
 
Thermal Conductivity 
Heat transfer by conduction involves transfer of energy within a material without 
material flow as a whole. The rate of heat transfer depends upon the temperature 
gradient and the thermal conductivity of the material. The thermal conductivity is a 
function of temperature and microstructure. 
 
When it comes to the weld pool, experiments indicate that for submerged arc 
welding, the internal flow velocity in the pool is in the region of 100 times the 
welding speed, Lancaster [42]. This convective movement of liquid in the weld pool 
is not computed since fluid dynamics is neglected in the present work. A way to 
account for the quite homogeneous temperature field achieved by this effect is to 
increase the thermal conductivity inside the molten zone at high temperatures2. An 
increase in the thermal conductivity by approximately a factor of three above the 
melting temperature is often assumed, e.g. [21,22,44,45]. For pure iron the thermal 
conductivity has been measured to k = 46 W/mK at 2800 K, Mondain-Monval [46]. 
 
In Figure 4.2 the thermal conductivity as function of temperature is shown as it is 
applied in the present work. The conductivity for material representing the molten 
zone is increased over a rather wide temperature range to increase the 
computational efficiency. Large changes in material properties within a narrow 
temperature range combined with the large temperature gradients existing in the 
area of the weld calls for small time steps and a rather large number of equilibrium 
iterations in the numerical code. Such excessive non-linearities in the modelling of 

                                                 
2 It is noted, that this approach also has been adapted in the welding software package SYSWELD, 
Leblond et al. [43]. 
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material behaviour should and can to a large extent be avoided in numerical 
modelling of welding, as is the case with the thermal conductivity. 
 

 
FIGURE 4.2 Thermal conductivity as function of temperature. Based on Radaj 

[12] and Taljat et al.[44] for temperatures <1250°C. 
 
 
 
Density 
The density of a material must be specified in the thermal analysis to calculate the 
actual heat storage in the material. The property can as well be included directly in 
the specification of the heat capacity as a combined property, ρcp, and in that way 
incorporated in the numerical code. 
 
 

 
FIGURE 4.3 Density as function of temperature. 
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When the density is specified at its own, it can usually be assumed temperature 
independent when considering typical steals. If temperature dependency is included, 
a linear decrease in the density at room temperature to that at melting temperature is 
often assumed [12]. A typical temperature dependence of the density is shown 
Figure 4.3 and conforms to the one adopted in the present models. 
 
Though the density of a material is a very “mechanical” quantity it is seldom used 
in the mechanical analysis unless the effect of gravity on the welded structure is 
taken into account. 
 
Heat Capacity 
The heat capacity of a substance is a measure of how well the substance stores heat. 
When heat is supplied to a material, it will necessarily cause an increase in the 
material's temperature. The relationship between heat, Q, and a temperature change, 
T1 to T2, can be expressed in terms of the state variable enthalpy, H, which is 
defined as the sum of the internal energy plus the product of the pressure and 
volume. With the specific heat defined as 
 

 p
p

dhc
dT

 ≡  
 

 (4.19) 

 
where h is the specific enthalpy following from mdhdH =  (where m is the mass), 
the change in heat of a volume material, V, with density, ρ, is given by   
 

 
2 2

1 1

12

T T

p p
T T

Q H m c dT V c dTρ= ∆ = = ⋅∫ ∫  (4.20) 

 
With the density and the specific heat assumed constant, i.e. temperature 
independent, the energy related to the temperature change can be approximated by 
 
 12 pQ m c T= ⋅ ⋅∆  (4.21) 
 
In the moving heat source models described in the following chapter, filler material 
is added at a predefined temperature above the melting point temperature. With 
equation (4.20), the energy transported from the filler material to the base material 
due to the temperature difference can be calculated. 
 
In the case of a phase change, the relationship, equation (4.20), does not directly 
apply. The heat added or removed during the phase change does not change the 
temperature, resulting in cp being infinitely large. This is naturally not suitable and 
hence avoided. The largest effect of transformations in mild steels is the austenite 
decomposition that takes place at approximately 750°C. The temperature 
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dependence of the specific heat based on [7,11,12,44] is shown in Figure 4.4. The 
peak in cp around the transformation temperature is spread out on a temperature 
range about twice the usual representation of cp and the peak correspondingly 
becomes lower to reflect the same overall heat capacity of the material.  
 
 

 
FIGURE 4.4 Specific heat as function of temperature. 

 
 
No unambiguous exist of the value of cp for temperatures above 800°C. In most 
cases a constant value of about 700 J/kg/°C is assumed. Besides the austenite 
decomposition and the transformation at the melting point, carbon steel undergoes a 
ferrite-to-austenite transformation. This is much less significant and takes place at a 
much higher temperature than the austenite decomposition and therefore is of no 
interest. Far more influential is the so-called latent heat released during 
solidification of the added filler material. 
 
Latent Heat 
The latent heat of fusion, L, of a solid is the amount of energy that must be 
transferred to one kilogram of the solid at its melting point temperature, in order to 
melt it. This energy is called latent heat because there is no temperature change 
associated with this energy transfer, it is only associated to a change in phase. The 
energy originating from the liquid-solid phase changes is therefore expressed 
without including any temperature correlation as 
 
 LQ mL=  (4.22) 
 
For many cases it is reasonable to assume that the phase change occurs within a 
known temperature range. When materials as steel change phase during 
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solidification, it takes place over a temperature range defined by the materials 
liquidus temperature, TL, and solidus temperature, TS.  
 
The heat contribution related to the solidifying filler material given by equation 
(4.22) must be subtracted, together with the heat represented by equation (4.20), 
from the total net heat input, equation (5.1), representing the effective arc energy 
from the welding process. About this in the following chapter.  
 
The energy release or consumption in the shape of latent heat of fusion (or 
solidification heat) can be accounted for in different ways in the numerical 
approach. One way is to model the heat of fusion with a source term, i.e. an internal 
heat or sink flux (body flux) representing the latent heat, but basically by this, the 
melt/solid interface will represent a continuous temperature boundary with a 
discontinuous heat flux. This is computationally inconvenient. A more efficient 
approach is the so-called enthalpy method. 
 
The latent heat, L, corresponds to an isothermal change in the specific enthalpy, h. 
With fs denoting fraction of solid in the temperature range of the phase change, the 
following relation can be introduced 
 

 
0

(1 )
T

p s
T

h c dT L f= + −∫  (4.23) 

 
The equivalent specific heat, *

pc , relating to equation (4.19), is hence given by 
 

 * s
p p

dfdhc c L
dT dT

= = −  (4.24) 

 
Through the use of equation (4.24) latent heat effects can then be included via an 
addition to the specific heat function. The discontinuous heat flux formulation is 
thereby avoided and the stability of the numerical model actually improves as 
referred to in Hattel [47]. For use in a finite element formulation, equation (4.24) 
requires some additional modification in respect to time integration etc. Further 
details of this procedure are considered in e.g. [38].  
 
 
4.3.3 Mechanical Properties 
 
The most essential factors when calculating residual stresses in welds induced by 
thermal strains are the effects of temperature and thermal history on the mechanical 
properties. The thermal history affects the mechanical properties through the 
microstructure, which not only depends on the current temperature but also on the 
past phase transformations and in that way the thermal history. 
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The three most important mechanical properties when doing analysis of welds are 
yield strength, elastic modulus and coefficient of thermal expansion. Besides these 
properties, Poisson's ratio must be included and if necessary the hardening modulus. 
 
Yield Strength 
The yield strength is an expression of the stress necessary to produce significant 
plastic deformation in a material under uniaxial tensile or compressive load. It can 
be defined as the stress at which a material exhibits a specified limiting deviation 
from proportionality of stress to strain. The amount of permanent strain arbitrarily 
selected is referred to as the percent offset and is commonly 0.1%.  
 
The level at which this so-called yielding happens is strongly temperature 
dependent. As the temperature increases and the material softens, the yield strength 
decreases. For typical carbon steels the yield strength is considerably reduced for 
temperatures around 800-1000°C and naturally vanishes at the melting temperature. 
Figure 4.5 shows the temperature dependence of the yield stress as applied for the 
mild steel considered. As it is the yield limit deciding whether the material reacts 
elastically or plastically and thus forms the stress distribution in the structure, a 
temperature dependent modelling of this material property is very important. But it 
also makes the zone, dividing the material in an elastic and a plastic region, 
temperature dependent and hence strongly non-linear and computational 
demanding, taking the temperature gradients in the vicinity of the weld into 
account. Therefore, a gentle slope as function of temperature should be intended in 
the modelling of the yield stress. The material data for the yield stress shown in 
Figure 4.5 is based on [21]. 
 
 

 
FIGURE 4.5 Yield stress as function of temperature. 
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Young’s Modulus 
According to Hooke's law, the strain is proportional to stress within the elastic 
region of the stress-strain curve, i.e. prior to yielding. The constant ratio of the two 
(for constant temperature) in a uniaxial test is Young’s modulus and indicates the 
elasticity of the material. At temperatures above 400°C the stiffness of mild steel 
material diminishes in consequence of a strong reduction of Young's modulus to 
approximately 40 GPa at 700°C and to 10 GPa for temperatures above 1000°C. 
This last reduction is made on basis of a widely-held praxis more than a reflection 
of an actual physical reason, as questioned in the literature, e.g. Bertram [48].  
 
Figure 4.6 shows a fairly smooth approximation of Young’s modulus still 
considering a certain drop in stiffness for temperatures above 400°C though starting 
to drop somewhat earlier. Often the stiffness is held around 200 GPa till well above 
400°C as in e.g. [49,20]. In [12] a more or less linear decrease of Young’s modulus 
to approximately 150 GPa at the austenite transformation temperature (approx. 
750°C) is declared with a rapid drop hereafter. In [11] a similar description of 
Young’s modulus is found though the very characteristic drop is 100°C earlier at 
650°C.  A sudden drop at 300°C is also seen for the representation of Young’s 
modulus of mild steels as in e.g. [21]. This indicates the difficulties in measuring 
the temperature dependence of material properties for elevated temperatures. Figure 
4.6 is an educated average of the mentioned references with emphasize on a not too 
steep slope. 
 
 

 
FIGURE 4.6 Young’s modulus as function of temperature. 
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Poisson’s Ratio 
Steel materials elongating due to tension will diminish perpendicular to the 
direction of tension. This relative volumetric change in shape is expressed by 
Poisson’s ratio and Young’s modulus through the bulk modulus. Most steels have a 
Poisson’s ratio in the range of 0.28 to 0.33 at room temperature. In the present 
material models Poisson's ratio is assumed to increase to approximately 0.5 at the 
melting temperature as "normal procedure". Likewise the modelling of Young’s 
modulus, the physical background for letting Poisson’s ratio approaching 0.5 is 
ambiguous. No question that the elastic and shear moduli decreases with increasing 
temperatures. With an unfortunate combination of Poisson’s ratio and the reduction 
of the elastic and shear moduli, the bulk modulus can increase and lead to physical 
unrealistic large hydrostatic stresses. This matter is discussed further in Oddy and 
Lindgren [17]. 
 
Figure 4.7 shows the adopted temperature dependence of Poisson’s ratio. Again the 
representation has been smoothed compared to e.g. [21] and [12], the latter stating 
that while Young’s modulus drops close to the austenite transformation temperature 
Poisson’s ratio rises sharply towards 0.5.  
 
 

 
FIGURE 4.7 Poisson’s ratio as function of temperature. 

 
 
Thermal Expansion 
An unrestrained body subject to a temperature increase will normally expand with 
the increase in temperature, diminishing density, and shrink when temperature 
decreases. This behaviour is known as thermal dilatation and the proportionality 
factor between strain and temperature is the coefficient of thermal (cubic) 
expansion. For small strain theory the relation can be written as 
 

 3th
kk

V T T
V

ε α β∆
≅ = ⋅ ⋅∆ = ⋅∆  (4.25) 

0,25

0,30

0,35

0,40

0,45

0,50

0 400 800 1200 1600 2000

temperature [°C]

P
oi

ss
on

's
 ra

tio



C H A P T E R  4 .  T H E R M O - M E C H A N I C A L  A N A L Y S I S  O F  W E L D I N G  

49 

where α is the linear thermal expansion coefficient. In general, the thermal strain is 
given by 

 
2

1

( )
T

th
kk

T

T dTε α= ∫  (4.26) 

 
The coefficient of thermal expansion, and to some extent specific heat per unit 
volume, plays the most significant role of the material properties in determining the 
thermal contribution to the load vector in the mechanical system. For example, as 
stainless steel has a higher coefficient of thermal expansion than plain carbon steel, 
it is more likely to suffer from distortion unless limited by external restraints as 
mentioned earlier. With e.g. dissimilar metal welds, the coefficient of thermal 
expansion between the parent and weld metals differs. Still, the residual stress 
distribution in the as-welded structure to a great extent is similar to that in a similar 
metal weld. But after a post weld heat treatment the case will be another. The as-
welded residual stresses will be relieved during the heat-up and hold period of the 
post weld heat treatment procedure. During cooling, a new field of residual stresses 
will be generated in the dissimilar metal weld because of the differential 
contractions of the different regions. Besides the effect of thermal expansion, there 
may also in dissimilar metal welds be differences in yield strength that limit the 
magnitudes of the residual stresses which can exist in the materials. This will not 
change the general characteristics of the residual stress field, though. 
 
It should be noted, that in this thesis the filler metal is assumed the same material as 
that of the base metal and therefore the influence of dissimilar metal welds is not 
considered further. 
 

 
FIGURE 4.8 Thermal expansion coefficient as function of temperature. 
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The thermal expansion coefficient increases with temperature, as shown in Figure 
4.8, until the transformation point where the denser atom packing of the face-
centred austenite compared to the body-centred ferrite gives an abrupt change just 
as for the specific heat. The unbroken curve is after Patel [50] in Clausen [51] and is 
in accordance with the presentations and discussions of the thermal expansion for 
mild steel in e.g. [11] and [12]. 
 
Numerical models covering low-alloy steel structures are seen using a temperature 
dependence of the thermal expansion coefficient that does not consider the drop at 
the transformation point as indicated with the dotted line in Figure 4.8, e.g. [21,49]. 
This is the expected behaviour of the thermal expansion for higher alloyed steels 
except the general magnitude of the thermal expansion coefficient is somewhat 
higher for high-alloy steels compared to low-alloy steels in general. The influence 
of the thermal expansion on the residual stresses is considered further in connection 
with the principal welding application discussed in chapter 6. 
 
 
4.3.4 Plasticity and Hardening Rules 
 
Plasticity, i.e. a permanent deformation, implies that there is a permanent 
displacement of atoms or molecules relative to one another. In metals the atomic 
arrangement is not absolutely perfect, the imperfections are known as dislocations. 
These provide a starting point for moving planes of atoms.  The relative movement 
does not destroy the integrity or coherence of the material3 but once the dislocation 
has moved, it will not return to its original position when unloaded and hence it 
registers as a plastic strain. 
 
In a heterogeneous material like steel, each dislocation moves at a slightly different 
value of applied stress. Hence, loading and unloading a steel structure has the effect 
of increasing the yield strength of the material. This is the basis of strain hardening 
and explains the increase in yield strength during e.g. cold working and in the 
context of welding, it affects the development of residual stresses due to non-
uniform thermal expansion. 
 
Hardening Rules 
If a material is non-hardening, the stress point at which the material starts to yield is 
always the same for a given temperature, that is, a constant yield locus (temperature 
dependent) at which the strains are indeterminate. The material is said to follow a 
perfect plasticity model. Few materials exhibit this ideal plastic behaviour. In 
                                                 
3 The integrity of the material is preserved by the sharing of electrons between the atoms in the 
metallic bond making the metal ductile. In contrast, the electrons orbit specific atoms in covalent 
bond as hydrogen bonds. These bonds are relatively weak causing whole molecules to be displaced 
one relative to another in e.g. polymers. In consequence, covalent solids are characteristically brittle, 
Lancaster [52]. 
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reality, some hardening will probably occur and hence the assumption made with a 
perfect plasticity model is conservative; if the material hardens, the plastic strains 
will be less than those predicted by the simulation.  
 
Strain hardening or work hardening is a process by which the material grows 
stronger as it is deformed. For a strain hardening material, the size and shape of the 
yield locus depends on the total history of deformation. If a material has reached the 
yield limit for a tension load in a certain direction, then a reversed loading can result 
in a lowering of the yield stress. This phenomenon happens because microscopic 
defects in the material in combination with different stress states in different grains 
(microscopic residual stress) interact making the straining of the material harder to 
achieve, Rhoads [53]. 
 
Such a reduction of the yield stress in one direction resulting from inelastic loading 
in the opposite direction is called the Bauschinger effect. This has to be considered 
in the case of a cyclic alternating loading condition as e.g. that of multipass 
welding. Two approaches to describe the way a material yields are isotropic 
hardening and kinematic (anisotropic) hardening, Zienkiewicz and Taylor [54]. 
 
In isotropic hardening, Figure 4.9, the yield surface expands during plastic flow and 
this expansion is uniform (isotropic) in all directions about the origin in stress 
space, thus initial shape and orientation is maintained. In the isotropic hardening 
theory, the Bauschinger effect is neglected. 
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FIGURE 4.9 Schematic representation of isotropic hardening in principal 
stress space. 

 
 
The isotropic hardening principle is applied for comparisons with a perfect 
plasticity assumption in the application discussed in chapter 6. For this case, the 
hardening data is estimated and specified for different temperatures. The resulting 
stress curves are shown in Figure 4.10. 
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FIGURE 4.10 Isotropic hardening stress curves for selected temperatures. 
 
 
In kinematic hardening, Figure 4.11, the yield surface retains its original size, shape 
and orientation with respect to the origin of the stress space but the yield surface is 
assumed to undergo translation in the stress space. Kinematic hardening theory 
takes into account the Bauschinger effect and considers the material as a 
nonisotropic continuum. 
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FIGURE 4.11 Schematic representation of kinematic hardening in principle 
stress space. 

 
 
In reality, the hardening process often involves simultaneous translation and 
expansion of the yield surface, combining the isotropic hardening and nonlinear 
kinematic hardening or softening (Bauschinger-effect) approaches described above. 
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Another matter worth mentioning in the context of cyclic loading is fatigue. Fatigue 
is a failure mechanism involving nucleation and growth of cracks in a structural 
component undergoing cyclic loads with maximum amplitudes causing stresses that 
are equal or lower than the expected yield strength of the material4. In this thesis, 
fatigue has not been addressed in respect of the cyclic response from the multipass 
welding process itself, but the engine frame box investigated in chapter 7 has been 
subjected to fatigue tests under loads conforming to in-service conditions, in order 
to validate the weld quality. More on this later. 
 
Transformation-induced Plasticity 
Transformation-induced plasticity is a phenomenon describing plastic flow resulting 
from a variation of the proportions of the phases occurring even for very small 
stresses applied. Two mechanisms are associated with transformation plasticity, 
Bergheau [19]: 
• the Greenwood-Johnson effect [56], i.e. microscopic plasticity induced in the 

weaker austenitic phase by volume differences 
• the Magee theory, i.e. plastic strain produced in the formation of martensite due to 

inhomogeneous macroscopic stress distribution resulting in martensite needles 
formed in a preferential direction (favouring some directions for forming of 
martensite to others).  

 
To which degree transformation plasticity must be accounted for, is not yet fully 
understood. There is no doubt that phase transformations (and the following volume 
change) must be accounted for in the constitutive model when estimating 
longitudinal stresses from welding alloys with low austenite decomposition 
temperatures [57,58]. In the case of alloys for which the austenite decompositions 
take place at a relatively high temperature, the volume change can be ignored and 
the results are still acceptable, Josefson [59]. The latter approach has been followed 
in the present work. 
 
 

                                                 
4 Fatigue is defined as "Failure under a repeated or otherwise varying load, which never reaches a 
level sufficient to cause failure in a single application." - Between 80-90% of all structural failures 
occur through a fatigue mechanism, Halfpenny [55]. 
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4.4  Chapter Summary 
 
When analysing welding applications with respect to global, i.e. macroscopic, 
residual stresses and deformations, a sequential thermal and mechanical numerical 
analysis is often applied. This is also the case for the present applications. Hence, 
the governing equations have been outlined regarding the thermal and the 
mechanical analysis respectively, followed by a description of the corresponding 
discretizations in the finite element formulation. 
 
From the heated weld, the energy is transported by diffusion to the boundaries. In 
order to estimate the transient temperature field in the structure well, the thermal 
boundary conditions must be specified properly. Likewise, the structural response 
as a result of the thermal load depends on the mechanical constraints. The required 
boundary conditions for a general thermo-mechanical analysis of welding were 
presented in general which for the thermal calculation include the Dirichlet 
condition, Newton's and Stefan-Boltzmann's laws, and for the mechanical 
calculation the kinematic and static boundary conditions. 
 
The modelling of material plays a central role in a numerical analysis. A correct or 
at least adequate material behaviour must be adopted through an appropriate choice 
of material model and specification of material parameters. The material properties 
that are relevant for a thermo-mechanical analysis as that applied in the present 
applications were discussed and the temperature dependence of the individual 
properties was illustrated. The temperature dependency must in general be carefully 
judged to avoid extreme property variations, which otherwise will lead to 
significantly reduced performance of the numerical model resulting in excessive 
calculation time. 
 
Among the material properties discussed with respect to welding was the coefficient 
of thermal expansion that is the link between the thermal load and the mechanical 
response and hence among the most important of the material properties. 
Furthermore, together with the modelling of plasticity behaviour, yield strength and 
Young’s modulus must be pointed out from the survey as crucial parameters for the 
development of welding induced residual stresses. 
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CHAPTER 5 

HEAT SOURCE 
MODELLING 

 
 
 
 
Modelling of the moving heat source is naturally a central task in the analysis of 
welding. The shape of the weld pool depends on the characteristics of the heat 
source, how the energy is distributed in the weld, whether filler material is added, 
and so on. The shape of the weld pool is an important factor for deformations and 
hence stresses in the structure especially for thick sessions welded in multiple 
passes. This makes the modelling of the moving heat source important though 
rather early work (1982) has been published stating that calculated welding stresses 
do not seem to be sensitive to the modelling of the heat input, Josefson [60], but 
surely to the size of the heat input itself. 
 
Ideally, predicting the shape of the weld pool requires the calculation of the 
dynamics in the weld pool. This is a complex task. The various forces acting upon a 
volume of fluid flow are generated by changes in momentum, changes of pressure, 
viscosity and by body forces such as gravity and the Lorentz force. By gathering 
these contributions, the momentum equations are obtained. Further combination 
with the continuity equation finally results in the three equations known as Navier-
Stokes equations. The dynamics should preferably be combined with a 
microstructural analysis coupled with the material model. As mentioned in the 
previous chapter, the molten metal in the models of the present work is treated 
through the solid thermo-mechanical properties of the material. In the following, 
various numerical approaches of distributing the heat in the weld without including 
the dynamics are covered.  
 
The addition of weld filler together with the moving heat source is important, not 
primarily to obtain correct temperature fields, but to include the effect on the 
residual stress fields and deformations from the filler material contracting during 
cooling. This is also mentioned in the following before the methodology applied 
together with ABAQUS for the modelling of the moving heat source and filler 
material in the present work, is presented. But first the characteristics of the heat 
source are discussed from a general point of view. 
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5.1 Heat Source Characteristics 
 
In fusion welding processes, the material is melted in the contact zone. The heat for 
melting and hence fusion is supplied by various methods that give rise to a number 
of processes. These are characterised by many factors such as whether the electrode 
is consumable, either bare or coated, or the electrode is nonconsumable. 
Furthermore, the process and thereby the heat source is characterised by the polarity 
used. When welding with direct current, the polarity can be either straight or 
reversed, i.e. either electrode is negative and workpiece is positive or vice versa. In 
an electric arc, approximately 60-70 % of the heat energy is generated at the anode 
and the rest at the cathode. Thus, straight polarity is better suited for welding thick 
sections and reverse polarity for thin sections. When welding with alternating 
current, the question of polarity does not arise because current alternates between 
positive and negative at the power supply frequency. Thus, half of the energy is 
generated at the electrode for melting this and the other half at the workpiece. 
 
In the applications treated in the following two chapters, submerged arc welding is 
the main welding method used. Submerged arc welding is so named because the 
electrode wire and the workpiece are submerged under a layer of powdered flux 
delivered in front of the electrode from a container. The flux close to the arc melts 
and intermixes with the molten weld metal, helping to purify and fortify it. The flux 
forms a glass-like slag, which is lighter in weight than the deposited weld metal and 
floats on the surface as a protective cover for atmospheric contamination of the 
weld pool and the electrode. The flux and slag normally cover the arc so that it is 
not visible. The unmelted portion of the flux can be reused. It was the first really 
successful machine method for arc welding and was developed in the 1930s. 
 
The different process characteristics of different welding methods result in different 
weld penetration profiles, depth and width, and hence mixing of filler and base 
metal. The way the energy is transported to the material also influences the zone in 
the base metal affected by the heat. In the following, the heat source is described in 
general with respect to the net energy input to the workpiece, the power density and 
heat input rate.  
 
 
5.1.1 Net Heat Input 
 
When characterising the heat source for a given welding process, the net heat input 
is naturally of interest. The type of shielding method influences the efficiency. In 
submerged arc welding the arc is burning inside the “glass shield” surrounded by 
melted slag. This prevents effectively the melt from being blown out of the weld at 
high arc pressures and furthermore catches the spatter and lead it back to the weld 
pool. This makes submerged arc welding used with much higher current than other 
arc welding processes leading to large share of base metal in the weld metal 
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(typically 60-70 %). Conditions that all give a high efficiency close to one (η = 
0.95-1.0), Baggerud [61]. Table 5.1 lists arc efficiency factors for different welding 
processes for comparison. 
 
 

Welding 
Process 

SAW SMAW GMAW 
(CO2) 

GMAW 
(Argon) 

GTAW 
(Argon) 

Range 0.91-0.99 0.66-0.85 0.75-0.93 0.66-0.70 0.25-0.75 
η Mean 0.95 0.80 0.85 0.70 0.40 

Abbreviations: 
SAW 
SMAW 
GMAW 
GTAW 

 Submerged Arc Welding 
 Shielded Metal Arc Welding 
 Gas Metal Arc Welding 
 Gas Tungsten Arc Welding 

TABLE 5.1 Recommended arc efficiency factors, η, for different steel 
welding processes, Grong [62]. 

 
 
Considering traditional Thomson welding processes in general, hereunder 
submerged arc welding, we can assume that all the electric arc energy is converted 
to heat in either the base metal, filler metal, gas shield or powder flux or through 
losses to the surroundings, etc. The fraction which eventually heats and melts the 
base and filler metal, the effective arc energy Q [W], is called the net heat input (per 
unit of time) and is given by, 
 
 Q UIη=  (5.1) 
 
where η is the arc efficiency coefficient, U is the voltage of the arc and I is the 
current. This is the total energy transported to the weld. With the electrode being the 
cathode, 30-40 % of the energy is supplied with the melted filler material as all the 
power located at the electrode is assumed to melt the consumable. 
 
Whether an analytical or numerical heat source model is specified, the net heat 
input is obviously the same and method specific assumptions are seldom needed. 
 
 
5.1.2 Intensity of Heat Source 
 
One characteristic distinguishing fusion welding processes is the intensity of the 
heat source used to produce the melting, i.e. the net heat input per area or volume. 
Generally, it is found that heat source power densities of approximately 10 W/mm2 
are necessary to melt most metals. At the other end of the power density spectrum, 
it is found that intensities of 104 or 105 W/mm2 will cause vaporization of most 
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metals within microseconds. Above these power densities, the entire solid 
interacting with the heat source is vaporized and no traditional fusion welding can 
occur. On the other hand, these higher power densities up till approximately 107 
W/mm2 are utilized in laser welding in thicker sections where a keyhole is formed 
and sustained by the escaping vapour. Thus, it is seen that the heat sources for all 
fusion welding processes lie between 10 and 104 W/mm2 on the power density 
spectrum. Power densities of various arc and beam welding processes are shown in 
Figure 5.1 
 
 

 
 

FIGURE 5.1 Power densities of various arc and beam welding processes. 
After Quigley in Radaj [12]. 

 
 
5.1.3 Heat Input Rate 
 
Though the power density determines the characteristics of a heat source to a large 
extent, the heat input rate is also of significance.  
 
Considering a heat source on the surface of a very thick slab of steel, the surface 
temperature will be a function of both the surface power density and the time. A 
given heat source intensity, e.g. of 5 W/mm2, might need several minutes to melt 
the surface and if the heat source covers only a small spot, it might never be able to 
melt the surface at all, the solid metal might be able to conduct the heat away as fast 
as it is being applied. 
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On the contrary, if the net heat input of two different heat sources is the same, the 
power density can be completely different leading to melting and a perfect weld in 
one case and only vague heating in the other. This is illustrated with Figure 5.2 with 
a metal arc welding process compared to flame welding. In the flame weld, the 
power spreads out over a wide area and the plate is heated gradually but not 
necessarily melt leading to fusion in the weld. 
 
Instead of the net heat input per unit of 
time and the power density of the heat 
source, a convenient measure is the net 
heat input per unit length of the weld, q 
[J/mm]. This measure accounts for the 
travel speed of the heat source moving 
along the weld. The net heat input is 
divided by the velocity, i.e.: 
 

 Q UIq
v v

η
= =  (5.2) 

 
 
From these different characteristics of a 
moving heat source, it is seen that as the 
power density of the heat source 
increases, the necessary time for heating 
decreases and hence the heat input to the 
workpiece that is required for welding 
decreases. A steel structure exposed to a 
gas flame heats up so slowly that, before 
any melting occurs, a large amount of 
heat is already conducted away in the solid material possibly leading to excessive 
heating resulting in distortion and weakening of the structure. On the contrary, the 
same steel structure exposed to a focused laser beam can locally melt and perhaps 
vaporize forming a keyhole instantaneously, and before much heat is conducted 
away in the material, welding is accomplished. 
 
Submerged arc welding is somewhere in between, but the specific process 
characteristics due to the powder flux make this welding technique the process with 
the highest net heat input. The travel speed for submerged arc welding can in most 
cases also be considerably higher compared to other fusion welding processes 
giving a greatly superior net heat input per unit of time. 
 
 

 

 
 

FIGURE 5.2 Heat source density 
during arc and flame 
welding with equal net 
heat input. Rykalin [4]. 
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5.2 Analytical Solutions 
 
The analytic expression for the temperature field from a moving heat source has 
been developed for a wide range of welding applications during time. As mentioned 
in the Historical Perspective section, the first solution for a point and a line source 
either acting momentarily or moving continuously were first presented by Rosenthal 
[3] in the 1940s and further extended by Rykalin [4] in the 1950s. This work has for 
a long time been the basis for many research studies of the melting and thermal 
cycle in arc welding. 
 
In such analytically based solutions, great deals of assumptions are to be made 
regarding the conditions of the real physical process. First of all, the material 
properties are assumed constant, and as shown in the previous chapter, the thermal 
properties as conductivity and specific heat, especially with the consideration of 
latent heat and phase transformation effects, have a strong dependency on 
temperature. Therefore, the results of the analytical solutions will depend on the 
choice of temperature at which the material properties are given.  
 
The geometrical representation of the heat source with the analytical solution is in 
most cases a rather strong approximation of the real heat source. As expressed in 
Goldak [63]: “The actual flux is not a point source. If it was, the flux would be 
infinite. Although singularities are common in mathematics, they are surprisingly 
rare in the real world”. Cases where the point or line source is a fair approximation 
is when analysing the laser weld from a “global” deformation/stress point of view. 
Here, “global” can be much more local than in the case of traditional fusion welds 
because of the very concentrated heat source input from the laser welding process. 
Again, considering the microstructure formation in the close vicinity of the laser 
beam, these solutions are of very limited use. 
 
In fact, with the computer technology available today, the convenience in using the 
analytical solutions are left out, [63], and therefore there is no reason for using them 
for practical applications any more, Lindgren [14]. In the task of developing 
numerical methods and more efficient algorithms for analysing temperature fields, 
the analytical solutions can naturally still serve as appropriate verifications. In the 
present thesis, the analytical solutions will be paid no further attention. 
Comparisons of the analytical thin, medium and thick plate solutions in relation to 
simplified two-dimensional numerical analyses of a submerged arc welding 
application, similar to the one treated in the following chapter 6, were carried out in 
Hansen and Thorborg [64]. 
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5.3 Numerical Solutions 
 
One of the major advantages of numerical solutions for the representation of the 
heat source in welding is that complex geometries and temperature-dependent 
material characteristics may be taken into account in principle without restrictions,  
[12]. Furthermore, there is no need for simplifications with respect to travel speed 
of the moving heat source, i.e. time dependence. This makes the heat source truly 
moving across the structure in a preferably arbitrary path. In practice, CPU and 
memory expenses limit the size and complexity of the numerical model. 
 
Perfectly, a fully coupled temperature and fluid flow model should be implemented 
for the heat source and weld pool in the analysis. As mentioned earlier this calls for 
full solution of Navier-Stokes equations together with the energy equation. Strictly 
speaking, this also involves solution of the electromagnetic fields as well. This, 
however, is extremely time consuming and for the purpose of the present work this 
kind of analysis is not relevant. 
 
By excluding the fluid flow analysis in the melted weld pool, in reality a liquid, 
molten material is treated with the theory and modelling techniques of solid 
mechanics. The characteristics of the melt are hence approximated through 
appropriate modelling of the material properties as discussed in the previous 
chapter. On this basis, the moving heat source, the formation of and temperature 
distribution in the weld pool can be modelled in various ways. One approach is to 
prescribe the temperature distribution in the weld pool, another to prescribe the heat 
flux input on the surface or directly in the weld metal. Together with considerations 
on filler material, these models are treated below. 
 
The disadvantage of the numerical approaches compared to analytical solutions is 
that no general statement is obtained with the numerical models. They are dedicated 
for the specific application though the principle can be generally used for similar 
welded structures. In any case, the temperature fields calculated should be checked 
by means of temperature measurements, [12]. To what extent this is necessary 
depends on the purpose of the analysis. At any rate, the questions of the efficiency 
and distribution of the heat input, the heat losses by convection and radiation, 
material properties at elevated temperatures etc. call for uncertainties of the analysis 
result. 
 
 
5.3.1 Prescribed Temperatures 
 
The approach of prescribing the temperature distribution in the weld pool requires 
knowledge of the actual temperature as well as the shape and position of the weld 
pool. This can be either as an estimate or from examinations that can be 
accomplished in different ways, e.g. thermo-camera during welding, geometrical 
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determination from micro-samples etc. If the position, i.e. shape of weld pool, and 
the temperature at the interface between liquid and solid is known and held 
constant, only the solid part of the structure needs attention. Considerations on 
temperatures in the weld pool can be ignored. This known field can then be moved 
across the solid with the appropriate travel speed. 
 
This requires preferably some adaptive meshing technique in order to resolve the 
weld pool geometry in detail. In e.g. Prasad et al. [65,66], the effect of external 
constraints and sequence of welding on residual stresses in weldments are studied 
using adaptive meshes generated based on the temperature calculation for the 
estimation of residual stresses. This work is carried out with a two-dimensional 
thermo-elastic-plastic model and uses a Gaussian distributed prescribed heat flux 
method as described in the following, but the adaptive meshing technique shows an 
example of how this can be accomplished. Today, several numerical modelling 
software packages (both finite element, finite volume etc.) offer adaptive meshing 
techniques, and transient updating of the mesh is used with advantage in many 
materials processing applications, e.g. that of mechanical cutting, Kalhori [67]. 
 
 

 
 

FIGURE 5.3 The local/global approach applied to a hat shape structure, 
Mourgue et al. [25]. Left: The global 3D shell model with zoom 
inserted. Right: The local model meshed with 3D solid elements. 

 
 
The shape of weld pool can also be modelled by predefining an adequately fine 
mesh in the total length of the weld. It is desirable to have at least four linear 
elements in each direction of the weld pool, [63]. This is by far the most common 
applied method. Another approach is that of predefining different meshes across the 
weld, one that is fine and one that is rather coarse and maybe some in between. 
These meshes then replaces each other section-wise as the heat source moves over 
the structure requiring a certain dense of the mesh in order to capture the 
temperature field as a result of the varying gradients. Like for the adaptive meshing 
technique some kind of mapping procedure for the fields between meshes is needed. 
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The method is adopted in e.g. [68,69]. A related method referred to as a local/global 
approach is adopted in [25,26]. This procedure involves a combination of 3D shell 
elements for the coarse global mesh and truly 3D solids locally around the weld, 
Figure 5.3. 
 
 
5.3.2 Prescribed Heat Flux Input on Surface 
 
For the welding of thin plates or other processes with limited penetration, a 
Gaussian source for the heat flux on the surface of the metal narrowed down to the 
size of the weld pool is usually a good solution as suggested by Pavelic et al. [70]. 
This model implies knowledge of the heat source characteristics power from the 
welding torch as well as the efficiency of the specific process as mentioned earlier. 
Also in the case of prescribed heat flux input on the surface, some kind of adaptive 
meshing technique can be used with advantage. The same condition for the 
modelling of mesh as for the prescribed temperature models holds in general for all 
descriptions of the heat source independent of the method applied. 
 
 

 
 

FIGURE 5.4 Physical phenomena driving the heat and fluid flow in the weld 
pool, Pavlyk and Dilthey [71]. 

 
 
With the heat flux prescribed at the surface, the weld pool shape will approximately 
be spherical since all the heat in the model is transported by diffusion, [63]. This is 
not the case for real welds where most heat is transported by advection. The 
difference is that with diffusion, the heat flows in all directions whereas advection 
carries the heat downstream only. The physical phenomena driving the weld pool 
formation and the directions of their actions on the heat and mass transport are 
schematically shown in Figure 5.4. Large surface flows exist due to the spatial 
variation of surface tension. This can be either an outward or an inward flow 
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depending on surface-active elements such as sulphur, Zacharia et al. [15]. 
Furthermore, the buoyancy force and the electromagnetic body force contribute to 
the convection in the weld pool together with the arc pressure and volume 
expansion causing the surface to deform. All these effects together with the 
complex heat exchange mechanisms are included in the comprehensive thermo-
fluid model presented by Pavlyk and Dilthey [71]. The impact and kinetic energy of 
droplets when they touch the pool surface and the forces exerted on them when they 
enter into the weld has been analysed by Sun et al. [72]. This was used to determine 
the volume in which the droplet-heat-content is distributed thereby improving the 
heat input to the weld compared to the traditional Gaussian distribution. As results 
of all these physical phenomena acting on the weld pool, the convective flow in the 
common welding configuration as usual leads to more narrow and deeper weld 
pools than the spherical approximation obtained with a pure diffusion model. 
 
The kind of models including the effects in the weld pool as indicated in Figure 5.4 
are very computational demanding and are in most cases two-dimensional 
assumptions concentrated on stationary spot gas tungsten arc welding, [15]. In the 
recent years, more three-dimensional models are seen and in few cases, the transient 
weld pool is presented as results of a moving arc, e.g. Ohring and Lugt [73]. 
Applications of deep-penetration laser welding are also seen involving some of the 
effects affecting the keyhole formation, e.g. Berger et al. [74]. 
 
 
5.3.3 Prescribed Volumetric Heat Flux Input 
 
In the case of deep penetration fusion welds, a semi-ovaloid (double ellipsoid) 
model can be used, Goldak et al. [75]. Also in this model, the power from the 
welding torch as well as the efficiency of the process must be estimated a priori. 
 
As this is one of the most respected and hence used heat source models, it deserves 
notice. It is more convenient than the prescribed temperature method where detailed 
knowledge of the weld pool geometry is required and in most cases it gives a better 
description of the heat source distribution than the surface flux models. If the global 
effects are of interest, the double ellipsoid model can give a good estimate of the 
weld pool without any experimental measurements. This requires some experience, 
though, with both the numerical model and the actual welding process under 
investigation. 
 
Figure 5.5 shows a schematic representation of the semi-ovaloid model. In front and 
rear of the weld, two ellipsoids define the heat source distribution independently. 
Expressions can be found in e.g. [14]. A good estimate is letting the dimension of 
the ovaloid be approximately 10% smaller than the dimension of the weld pool [12]. 
Nevertheless, this requires the experimental knowledge from welding the actual 
weld. 
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FIGURE 5.5 Moving semi-ovaloid or double ellipsoid heat source model. 
Normal distribution of volumetric heat source density in front 
and rear of weld, respectively. After Radaj [12], presented by 
Goldak et al. [75]. 

 
 
 
5.3.4 Addition of Filler Material 
 
None of the above-mentioned methods of modelling the heat flux discusses the 
effect of the weld filler, which in relation to the subsequent mechanical calculation 
naturally plays a role when welding thick plates with single-V-groove welds.  
 
At least two principal methods exist which both require the mesh in the whole 
structure to be predefined. One way is to change the material properties of the parts 
not yet active in the model to reflect air-like conditions corresponding to thermal 
insulation (i.e. adiabatic thermal boundary condition to the active parts or infinite 
thermal resistance between active and inactive regions) and mechanical very low 
stiffness. When material is activated, the material properties are changed to match 
that of the filler metal. This approach often referred to as “quiet 
elements/cells/control volumes etc.” is rather straightforward to implement in the 
numerical code but suffers from often quite ill conditioned matrix systems due to 
the flexibility of the inactive parts of the geometry. 
 
Another way to add filler material is the kill/rebirth method (removing/adding 
elements). In this method, the inactive parts are defined in the initial configuration 
with the right properties for the filler metal. They are then removed from the 
equation system and then added as required. This makes the removed parts of the 
geometry truly inactive and hence there is no ill conditioning in the matrix system 
from this. 
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5.4 Heat Source Modelling with ABAQUS 
 
ABAQUS has been chosen as the finite element code for the present work. When 
deciding on a specific finite element procedure one has to make a fundamental 
choice of the basic behaviour of the method. In principle, an explicit integration 
scheme could be applied in the case of welded applications, but especially the time 
for cooling the structure is large and would lead to an excessive number of time 
steps and hence long analysis time. Instead an implicit integration scheme is 
applied, i.e. all the governing equations are evaluated through iterations at the 
Gauss points by the end of the time steps. 
 
Furthermore, material-to-mesh behaviour has to be considered. Most often a 
Lagrangian formulation is applied, meaning that the mesh moves with the material, 
i.e. the deformed shape of the elements is used as the known calculation domain. In 
the alternative Eulerian formulation, the material points are allowed to move 
through the mesh, i.e. the elements are fixed in space as the material flows through 
them. Eulerian methods are used commonly in fluid mechanics simulations. 
 
Those basic behaviours of the finite element formulation imply that the version of 
the finite element program used is ABAQUS/Standard. The same mesh is 
preferably used in the thermal as well as the mechanical model in 
ABAQUS/Standard though adequate accuracy of the thermal analysis can be 
achieved with coarser mesh compared to that needed for the structural analysis. No 
automatic mapping from one mesh to another on the same geometry is provided to 
ease this task (except from acoustic-structural interactions) so the theoretical gain in 
calculation time from this is not worth the trouble. 
 
In general, the focus in the present work is on the effect from thermal expansion on 
the macroscopic or global residual stresses and deformations. In high temperature 
areas the yield stress is low due to vanishing internal forces. Therefore, having an 
industrial use of the method in mind, a detailed description of the heat generation 
and temperature distribution in the weld pool is not necessary. On the other hand, a 
sufficient modelling of the welding process in order to describe the temperature 
field in general, in the workpiece, is important for the subsequent 
mechanical/structural analysis. 
 
The residual stress field not only depends on the heat input from the welding 
process. Also the initial condition of the plates forming the structure before 
assembly by the welding process affects the results. The majority of preparation 
processes used for cutting steel plates are thermal processes with similar 
characteristics as that of welding. Laser cutting is the high technological process for 
this task today. Traditionally, flame cutting has been widely used and still this is the 
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preferred process for cutting and manufacturing the weld preparations in many 
production set-ups1.  
 
The steel plates for the applications presented in the following chapters are prepared 
from flame cutting. The methodology applied together with ABAQUS for the 
modelling of the moving heat source simulating the flame cutting process is 
presented in the following. Subsequently, the methodology for the modelling of the 
welding heat source including the filler material is treated. 
 
 
5.4.1 Flame Cutting 
 
The flame cutting process has a significant influence on the initial strain field. It is 
no surprise that the effect to some extent is similar to that of welding. The cutting 
torch provides a hot flame to preheat the steel. This flame does not actually cut the 
plates, that is done by a high-pressure jet of pure oxygen delivered at the centre of 
the preheat flame. The preheat flame is spread out on a much wider area than the 
heat from welding but the intensity is rather low. Opposite to this, the thermal 
influence of the cutting jet on the resulting plate is rather localised. The oxygen jet 
stream hits the surface of the steel at the hottest spot. The metal will start burning 
and the velocity of the cutting oxygen’s flow will blow the slag away. That is, the 
maximal temperature the resulting plate has experienced is right at the melting 
temperature. Areas with higher temperatures have been blown away. 
 
Only the resulting plate is considered in the finite element model used to evaluate 
the temperature field and hence residual stresses from the edge preparation. The 
flame cutting process is modelled by a constant temperature of approximately the 
melting temperature of the material on the surface moving along the edge being cut. 
The principle is shown in Figure 5.6. Instead of prescribing the temperature directly 
changing position as it moves, this is modelled more conveniently with a prescribed 
heat flux input on the surface in ABAQUS. By comparing with temperature 
measurements of the actual flame cutting process, good agreement is obtained with 
a constant temperature near the solidus temperature (Tsolidus = 1495°C and Tliquidus = 
1540°C for the actual mild steel considered). With the ambient temperature set to 
1500°C and the reference heat transfer coefficient set to 106 W·m-2·K-1, a prescribed 
heat flux input on the surface approximates a constant temperature boundary 
condition of 1490°C. 
 
 

                                                 
1 The considerable investment in laser equipment for cutting requires a large cutting production and 
preferably a large amount of similar cuts in order to be profitable. But the flexibility of the laser 
process with the cutting path being controlled through computer software can also be the factor 
making this cutting process profitable. 
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FIGURE 5.6 Principle of moving heat source for flame cutting, modelled with 
prescribed temperature approximated with a surface flux. 

 
 
 
5.4.2 Welding 
 
The main welding process considered in the applications analysed is submerged arc 
welding. Also flux cored arc welding is used for the root passes in the frame box 
application presented in chapter 7 and shielded metal arc welding and gas metal arc 
welding is used for the tacks weld. These latter processes for the tacks welds will 
not be considered, nor the influence of the welding process on the stress state in the 
structure except from their constraining effect of course.  
 
In submerged arc welding, a considerable amount of filler material is added 
continuously with the moving heat source. The energy added to the weld with this 
melted material accounts for a large part of the total energy. If the weld filler is 
assumed to be deposited with a certain initial temperature, T1, e.g. of 2500°C, the 
energy released when the filler material is cooled to room temperature, T2, can be 
calculated from equation (4.20). To this comes the release of latent heat calculated 
from equation (4.22). These contributions are subtracted from the total power input 
equation (5.1), i.e. 

 
2

1

12

T

filler total L p
T

Q Q Q Q UI V c dT mLη ρ= − − = − ⋅ −∫  (5.3) 

 
where V and m relates to the volume and mass of the filler material. 
 
For a butt weld as that of the application presented in chapter 6, and the material 
properties of the filler metal modelled in accordance to the material description in 
chapter 4, the energy of the filler metal accounts for approximately 40% of the total 
energy input. As described above, several ways exist to specify the remaining 
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power input, e.g. as a prescribed heat flux input on the surface, i.e. a surface flux 
with the unit [Js-1m-2], or a prescribed volumetric heat flux input, i.e. a body flux 
with the unit [Js-1m-3], or a combination of the two. The principle of the heat input 
modelled with weld filler and a body flux in combination with a partly Gaussian 
distributed surface flux is sketched in Figure 5.7 for the symmetric half of a butt 
weld. 
 
 

 
 

FIGURE 5.7 Principle of moving heat source for welding, modelled with 
addition of weld filler, a body flux and a surface flux. Only the 
symmetric half of a butt weld is shown, Hansen et al. [76]. 

 
 
Adding at least some of the remaining energy as body flux seems reasonable with 
the submerged arc welding process. The high arc pressure in this process leads to 
large weld pool surface deformations and hence a rather large “stern wave”. This 
gives high forced convection and thereby large amount of heat transport down in 
the weld. The body flux simulates the thermal effect of this and furthermore, it 
makes the thermal gradients in the weld pool region more smooth improving 
convergence.  
 
 
5.4.3 The Moving Heat Source Principle in the Finite Element Model 
 
The moving heat source methodology is applied in a three-dimensional finite 
element model in ABAQUS. The weld preparation and filler material has been 
modelled with an adequately fine mesh specified in the total length of the weld. The 
elements serving as filler material initially are given a temperature above the 
melting temperature. Next, the filler elements are removed/deactivated and then 
reactivated successively step by step with the heat source moving along the weld 
seam. The principle can be seen in Figure 5.8. 
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FIGURE 5.8 Principle of the moving heat source being modelled with 
successive activation of elements serving as filler material. 
Symmetric half of a butt weld, [76]. 

 
 
The enthalpy of the element at the interface between base and filler metal is 
evaluated from interpolated values of the nodal temperatures in the finite element 
code. This means that an element representing filler material that share nodes with 
an element representing base material will have a graded energy distribution. To 
reduce the error caused by this, a thin layer of elements (called "shim") is placed at 
the interface between base and filler material, figure 5.9. These elements also have a 
graded energy distribution as indicated with the contour range on the shim-elements 
but the interface zone is now reduced. 
 
 

 
 

FIGURE 5.9 Cross section of mesh to model the weld preparation. Illustrating 
location of the "shim". Symmetry assumption adopted, [76]. 

 
 
This problem also exists between newly added filler elements and previous laid 
filler material. Adding more elements in the length of the weld at a time reduces this 
error. In the present model two cross-sections of filler material elements are added 
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as shown in Figure 5.8. The divergence in enthalpy calculation for the longitudinal 
addition of filler elements is of a less order than transverse between weld filler and 
base material. The temperature difference between those latter element regions is 
much higher than between recent added filler material and the addition of filler 
elements in the next step. 
 
In the mechanical model, the filler elements are activated free of strain at the 
specified initial temperature of the melted filler material. As the filler material 
solidifies and cools, the weld is restraint. In this way, the effect of an opening or 
closing of the weld preparation in front of the welding torch on the stress 
development is captured. 
 
 
5.4.4 Power Distribution Models 
 
By including a surface flux in the heat source model, the shape of the weld pool can 
effectively be adjusted eventually to fit experimental micro-samples of the weld. 
With proper experience of the welding process and knowledge of typical weld 
shape characteristics of that process, it should be possible to estimate the 
distribution of energy in the three parts, filler metal, body flux and surface flux, in 
order to model expected weld pool shape with fairly good agreement. The energy 
related to filler material is naturally limited downwards by the volume of the filler 
metal and the melt temperature. In practice, the initial temperature of the filler metal 
should lie well above the melt temperature in order to avoid the material to solidify 
due to rapid cooling from the base material, where after it will melt again due to the 
additional heat flux input. It is the author’s experience that with “normal” arc 
welding processes such as shielded metal arc welding and flux cored arc welding 
(FCAW), an initial temperature of 2000°C can be used, whereas for submerged arc 
welding a temperature of 2500°C is appropriate as a result of the high efficiency 
and large deposit rate of the submerged arc welding process. 
 
Different distribution models of the body and surface heat sources were tested in 
order to capture the weld pool geometry of the welding process used in the 
applications. Figure 5.10 shows a micro-sample of a butt weld in a 10 mm plate 
similar to that used in the weld application in the following chapter 6. It can be seen 
from the root penetration profile, that backing has been used which in the present 
work was ceramic typed backing.  
 
Three numerically calculated weld pool shapes are presented. The first model, case 
1 in Figure 5.10, only applies a body flux together with the addition of filler 
material. The heat flux is generated in the elements of the filler material. It is seen, 
that the weld pool profile is almost constant throughout the thickness. In the two 
other models, two thirds of the power remaining after subtracting the energy 
represented by the weld filler, is supplied through a surface flux corresponding to 
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approximately 40% of the total energy while the remainder, one third, 
corresponding to 20%, is added as body flux2.  
 
In case 2, a partly Gaussian distributed surface flux was added approximately in the 
width of the weld face. The distribution is here termed partly, since the flux only 
transverse to the weld is Gaussian distributed as sketched on Figure 5.7. This model 
reproduced better the V-shaped weld penetration profile measured that without any 
surface flux, but it was found with case 3 that a simplification involving a constant 
distributed surface flux over the width of the weld face gave an even better 
agreement regarding weld pool shape. 
 
 

 
 

FIGURE 5.10 Resulting weld pool shapes from three-dimensional numerical 
calculations with three different heat source models (different 
combinations of body flux, filler and surface flux) compared to 
experiment micro-samples (etched cross section of weldment). 
The percentages indicate amount of total power input, Hansen et 
al. [77]. 

                                                 
2 As accounted for above, the filler material makes up approximately 40 % of the total energy. 
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It is seen from Figure 5.10 that the amount of base metal in the weld metal is 
increased from nearly 40% in case 1 to a good 50% in case 3. This seems 
reasonable and also in more agreement with submerged arc welding, which is likely 
to be around 60% or even higher for the base metal in the weld metal. 
 
Another indication of the better agreement between experiments and the numerical 
model involving a surface flux, can be seen from looking at the weld pool length. 
From the experimental butt welded plates, the weld pool length has been estimated 
to 45-50 mm. Figure 5.11 shows a three-dimensional contour plot of the weld pool 
corresponding to case 3 in Figure 5.10. The length of the weld pool is 48 mm. The 
distribution model for the surface flux, whether Gaussian or constant, does not 
affect the length of the weld pool, but if no surface flux is present as in case 1, a 
length of only 42 mm is obtained.  
 
 

 
 

FIGURE 5.11 Calculated temperature profile from welding. Heat source 
modelled with filler material, body flux and surface flux. Note 
that not all the weld filler has been added yet. Length of weld 
pool approximately 48 mm, Hansen et al. [77]. 

 
 
On the other hand, if no body flux is used in the heat source model, the width of the 
weld pool at the root of the weld will be too narrow for a submerged arc welding 
application. In the present weld, Figure 5.10, this root-side weld pool width is close 
to 9 mm. 
 
The abrupt change in the V-shaped profile near the surface seen from the micro-
sample Figure 5.10, is most likely due to the Marangoni effect, see also Figure 5.4. 
This is not accounted for in the model and is also of no significant influence on the 
global residual stress state of the structure. A matter that naturally affects the 
thermal calculation, and hence estimation of weld pool shape, is the thermal 
boundary condition on the structure. Convection and radiation are specified through 
an equivalent temperature dependent heat transfer coefficient. At the surface of the 
weld, where the radiation would be the largest, the powder serves as insulation. This 
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is modelled by an adiabatic boundary condition in a brought band across the weld 
with the width of the powder layer as experienced in the practical setup. This is an 
important process specific feature to account for in the numerical model of 
submerged arc welding compared to other welding methods. 
 
The percentage power distribution 40/20/40 for filler material, body flux and 
surface flux respectively, where the surface flux has a constant distribution across 
150% of the weld preparation width, has proven a good starting point for the 
modelling of weld pool profiles with submerged arc welding. The next chapter will 
cover the temperature measurements with thermo-couples on the actual application 
for the further evaluation of the thermal model. 
 
 
5.5 Chapter Summary 
 
The characteristics of the heat source in welding applications have been described 
with the purpose of suggesting a suitable numerical model. The submerged arc 
welding process has been introduced and different measures for characterising the 
energy transport were given including e.g. the net heat input and probably the most 
common, namely the net heat input per unit length of the weld. 
 
Though analytic solutions exists the usability of these are rather limited in relation 
to analyses of welding induced residual stresses in more challenging structures 
whether these are geometrical complex or comprises several (multipass) welds. 
Therefore, the analytic solutions have not been paid much attention in this thesis. It 
should be emphasized though, that in practise, expressions based on the analytical 
solutions as e.g. ∆t8/5 (the time for cooling heated material from 800°C to 500°C) 
are widely used for microstructure evaluations and so forth. 
 
Obviously, focus has been on the numerical solutions. The more common principles 
of the welding heat source modelling have been presented from a literature point of 
view. Prescribed temperatures, heat flux input on surfaces and in volumes, and the 
role of filler material were presented with considerations on different related aspects 
as diverse as adaptive meshing, physical phenomena driving the heat and fluid flow 
in the weld pool and droplet formation, etc. 
 
Above all, the moving heat source principle as it is applied in the following chapter 
in relation to the three-dimensional finite element model, has been discussed. The 
finite element code ABAQUS has been the basis for the implementations of the 
concepts throughout the whole project. The modelling methodologies for both the 
initial preparation process being flame cutting and the subsequent welding process 
being submerged arc welding were treated with respect to the moving heat source. 
Different power distribution models were discussed and the results of predicted 
weld pool shapes were compared to experimental observations. 
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CHAPTER 6 

ANALYSIS OF  
BUTT WELD 

 
 
 
 
The objective of the butt weld application is to have an uncomplicated formulation 
of a problem appropriate for evaluation of different modelling aspects in relation to 
welding. The modelling emphasis is on the macroscopic residual stress state of the 
structure after welding. It is the purpose to set up a numerical model for modelling 
of welding induced stresses in general, in complex structures. Because of the three-
dimensional nature of the welding process, the different welding characteristic 
considerations are applied to a three-dimensional model. This naturally eliminates 
any concern whether a possible deviation between measurement and model are due 
to dimensional assumptions in the model. 
 
The experimental set-up is properly simple to be carried out with the existing 
equipment at the workshop of the department at DTU. For the thermal evaluation of 
the process characteristics, temperatures have been measured during flame cutting 
and welding. For the evaluation of the residual stress state in the structure, both 
after preparation of the weld groove by flame cutting and after welding of the 
plates, the neutron diffraction measurement technique is applied. These 
measurements were carried out at Risø National Laboratory in Denmark.  
 
After description of the butt weld application, the experimental measurement 
techniques are described for transient temperature and residual strain/stress 
measurements, respectively. Subsequently, the three-dimensional numerical model 
is presented including the heat source and material modelling based on the 
discussion in the former chapters. 
 
The experimentally obtained measurements and the results of the three-dimensional 
model are compared in the discussion and evaluation of the numerical approach 
with respect to both temperatures and strain and stresses. In the end of the chapter, a 
two-dimensional approach building on the principle examined with the three-
dimensional model, is described. As it is presented here, the two-dimensional 
methodology forms the basis for the analysis of the industrial application including 
multiple multipass welds, which is treated in the following chapter 7.  



N U M E R I C A L  M O D E L L I N G  O F  W E L D I N G  I N D U C E D  S T R E S S E S  

76 

6.1 Application Description 
 
The moving heat source and the material behaviour are the principal aspects of the 
modelling task considered with the analysis of the butt weld application. As it 
should be obvious from previous chapters, it has not been the purpose to describe a 
complex model involving all material properties and heat source characteristics in 
detail. The overall objective is to describe a model as simple as possible, preferably 
including only the necessary and sufficient aspects for adequate modelling of 
welding induced stresses and especially to evaluate the model against 
measurements. 
  
Submerged arc welding has been chosen as the welding process for welding of mild 
steel plates in this application. The material is hot rolled steel according to DIN 
17100/1016, and the grade of the steel is ST37.2. Though the deposit rate of the 
submerged arc welding method is very high, it is often used in several passes in 
heavy steel sections as seen in e.g. shipyards, offshore industry, power plants, 
marine engine designs etc. Therefore, both butt-welding in one pass and in two 
passes are considered for comparisons. A plate thickness of 10 mm has been 
selected to fit this purpose since a thickness of this size can easily be welded with 
the existing submerged arc welding equipment in one and two passes. 
 
Two test specimens have been produced of sets of 480 x 240 mm plates as sketched 
with dimensions in Figure 6.1. In both cases, the plates are prepared for butt joint 
welding in a 60° single-V-groove weld. The same hot rolled steel plate is used and 
for the preparation, traditional flame cutting has been chosen. One set of plates were 
made for welding in one pass and had all four edges flame cut. The second set of 
plates was made for welding in two passes. This set has the edge of the original hot 
rolled plate as the rear edge while the edges perpendicular to the weld and the weld 
preparation were flame cut. This is also shown in Figure 6.1. 
 
 

Plate Set 1     Plate Set 2 
 

 
 
FIGURE 6.1 Sketch of the two sets of plates investigated in the butt weld 

application. One- and two-pass welding of a single weld and the 
effect of the flame cutting preceding the welding process is 
considered. Edge preparations not marked are flame cut. 
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Initially, the plates have been tack welded in position. A root gap of 2-3 mm was 
endeavoured and ceramic backing was used. The flame cut method used, gave some 
irregularities of the edge giving a slight variation of the root gap. To ease the 
experiments in practice, small plates for starting and ending the weld have been 
attached to the plates in each end of the weld as shown in Figure 6.2. The weld is 
then started on the surface approximately at the centre of the run-in plate. This 
actually also improves the stability of the initial phase of the numerical analysis, 
since the energy from the heat source can conduct in all directions in the plate 
unlike a situation where the heat source is started right at the edge. 
  
 

 
 
FIGURE 6.2 Sketch of butt weld application with small plates for starting and 

ending the weld. Plates are tack welded to the two main plates 
forming the part for the analysis. 

 
 
The welding parameters, electrical characteristics, travel speed etc., are displayed in 
Table 6.1. The net heat input per unit length of the weld is calculated according to 
equation (5.2) for each pass and is listed in the table termed heat input. It is noted, 
that no changes were made to the electrical characteristics on the equipment 
between welding in one pass and welding in two passes. The only change in the 
welding procedure specification was an increase in travel speed in order to decrease 
the amount of deposited filler material in each weld bead in the case of two-pass 
welding. The small variations in current and voltage are due to the “stability” of the 
equipment used for the welding experiments. 
 
For the flame cutting process, no attempt was made to measure the energy transport 
to the base plate as the moving flame heat source process in the numerical analysis 
is modelled with a more indirectly approach compared to that of welding. The travel 
speed when flame cutting is required for this approach though, and was estimated to 
24 cm/min from the experiments. As the propulsion of the flame cutting torch is made 
manually by hand, this is a rather approximate estimate compared to the travel 
speed of the automatic submerged arc welding process. 
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Welding in one pass 
Pass Process Efficiency Wire diam.

[mm] 
Current 
[Amp] 

Voltage
[Volt] 

Travel speed 
[cm/min] / [mm/s] 

Heat Input 
[kj/mm] 

1 SAW 0.98 4.0 525-535 27.2 27.3  /  4.57 3.1 
 

Welding in two passes 
Pass Process Efficiency Wire diam.

[mm] 
Current 
[Amp] 

Voltage
[Volt] 

Travel speed 
[cm/min] / [mm/s] 

Heat Input 
[kj/mm] 

1 SAW 0.98 4.0 530-540 27.3 35.7  /  5.95 2.4 
2 SAW 0.98 4.0 525-535 27.3 35.5  /  5.92 2.4 

 
TABLE 6.1 Welding parameters for submerged arc welding in one and two 

passes, respectively. 
 
 
 
6.2 Experimental Sequence and Measurement Techniques 
 
While the weld preparation on the plates was flame cut, the temperatures were 
measured to determine how well the proposed numerical modelling technique 
describes the process of flame cutting. Before the plates subsequently were welded, 
the stress state in the plates originating from the flame cutting was measured by 
means of the neutron diffraction technique for evaluation of the structural numerical 
analysis. 
 
The temperatures while welding were measured for comparisons with the moving 
heat source model for welding both in the case of one pass and when welding in two 
passes. Once again, the now welded plates were exposed to neutron diffraction 
measurements for determination of the residual stress state after welding in the two 
cases. 
 
In the following, the temperature measurements for both flame cutting and welding 
are first described followed by a method description of the neutron diffraction 
measurement as it is applied in the present work. 
 
 
6.2.1 Temperatures – Thermocouple Measurements 
 
The transient temperatures were measured for both welding and flame cutting. 
During welding, the temperatures were recorded at fifteen locations transverse to 
the weld, see Figure 6.3. The thermocouples used are of type "K", i.e. Chromel-
Alumel wires and a Nickel alloy sheath. The diameter is 1.5 mm and the maximum 
temperature possible to measure is 1100°C.  
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With the high temperature gradients close to the weld, it is a challenge to place the 
thermocouple adequately close to the weld without reaching temperatures above the 
limit of the thermocouple, i.e. the temperature at which the sheath of the 
thermocouple melts. In practice, a test weld was made and the heat-affected zone 
(HAZ) was observed from evaluation of the temper colours of the plate. The 
thermocouple nearest the weld was then placed at a distance corresponding to the 
presumed boundary between HAZ and the base material. This resulted in the 
thermocouple being placed at a distance of 14 mm from the weld centre line. At this 
point, the maximal temperature measured in the experimental set-up was 673°C 
 
 

 
FIGURE 6.3 The locations of thermocouples for temperature measurements 

when welding. 
 
 
Especially for the thermocouples near the weld, several uncertainties have to be 
considered in the interpretation of the temperature measurements. These are all 
related to the high temperature gradients present. The geometrical position of the 
thermocouple will change the measured temperature drastically within ±0.5 mm and 
in this case, the distance of 14 mm used for the nearest thermocouple is measured 
from the weld centreline, which depends on the initial line-up of the plates, the 
angle of the V-groove preparation and the root gap. Furthermore, the thermocouple 
has some response time and the thermal capacity of the thermocouple itself will 
affect the measurement. In addition to this, a hole is drilled in the plate for the 
positioning of the thermocouple in approximately the centre of the through-
thickness direction of the plate. Evidentially, this affects the development of the 
thermal fields in the plates. These matters all have the largest impact for the near 
weld measurements, whereas further away from the weld, the response of the 
thermal signal is slower and the position of the thermocouple and its impact on the 
thermal field in the plate of relative less influence. Figure 6.4 shows the 
thermocouples attached the plates in the workshop. 
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FIGURE 6.4 Experimental set-up of thermal measurements.  
 Left: Before welding. Right: Close-up after welding. 

 
 
In the case of the flame cut weld preparation, the thermal effect on the base plate is 
much less compared to that of welding. The energy in the flame cut process is used 
to melt material, which is then blown away from the plate leaving the edge of the 
plate cut in preparation for the weld. Therefore, the thermal signal in the resulting 
plate is relatively limited and temperature measurements must be made rather close 
to the weld preparation in order to yield a temperature curve as function of time 
with a relative distinct peak temperature. For the present set-up, the temperatures 
were measured in seven points within a distance of only 15 mm from the flame cut 
edge. In order to limit the mutual spatial influence of the 1.5 mm drilled holes, the 
thermocouples were positioned displaced along the weld and the measurements 
were adjusted with the time corresponding to the displacement in relation to the 
travel speed of the flame cutting torch. Figure 6.5 shows the locations of the 
measuring points when flame cuuting. 
 
 

 
 
 
 
 
 
 

 
FIGURE 6.5 The locations of thermocouples for temperature measurements 

during flame cutting. 
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The maximal temperature measured with the thermocouple nearest the weld placed 
in a distance of less than 1 mm from the weld preparation edge to the sheath of the 
thermocouple, was 730°C. This corresponds to approximately 5 mm from the centre 
of the intended weld (with a root gab of 2.5 mm). For comparison with the 
submerged arc welding measurements, the temperature measured at a distance of 14 
mm from the weld centre when flame cutting reach a maximum of approximately 
440°C. This shows that the heat effect on the plates from flame cutting is 
considerably less than that from welding, which also emerges clearly from the 
structural calculations and measurements as shown later. 
 
 
6.2.2 Residual Strains/Stresses – The Neutron Diffraction Technique 
 
Neutron diffraction is a relatively novel technique for non-destructive 
measurements of residual stresses in structural components. The development of 
this technique was initiated in 1981 through the pioneering experiments by Allen et 
al. [78], Pintschovius et al. [79] and Krawitz et al. [80]. These experiments were 
soon followed by investigations by others. A particular recommendable review of 
the technique and its applicability is found in Allen et al. [81]. A comparative 
description of the various techniques existing for residual stress measurements can 
be found in e.g. Withers and Bhadeshia [82]. 
 
The fundamental basis of the diffraction technique is to use the atomic lattice as an 
embedded atomic strain gauge that senses materials deformation by relative changes 
in lattice plane spacings. When crystallographic diffraction peaks (generally called 
Bragg peaks, Copley [83]) are measured to great accuracy, their positions render the 
current lattice plane spacing, and hence strains can be deduced in the engineering 
sense by calculating relative changes in the lattice plane spacing. 
 
The technique is used for both scientific and engineering purposes and has become 
an especially well-suited tool for characterizing residual stresses and strains in 
weldments, see for instance Allen et al. [84] and Lorentzen and Ibsø [85]. For the 
present investigation, this non-destructive technique has been used to monitor the 
residual strains as a function of distance from the weld line with the purpose to 
serve as an experimental validation of the numerical predictions.  
 
A typical experimental set-up is shown in Figure 6.6. The incident and diffracted 
beams are lined up and limited in extent, using neutron-absorbing Cadmium 
apertures as masks. Thus, the only once-diffracted neutrons that can enter the 
detector are those that were scattered within a small irradiated volume typically 
called the gauge volume. The size of this volume defines the spatial resolution of 
the measurements, and the data represent a volume average of a specific 
crystallographic lattice plane spacing within this volume. The gauge volume 
dimension is always adjusted to achieve the maximum spatial resolution in the 
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direction of steepest strain gradient, and the dimensions are somewhat relaxed in 
any other direction as judged acceptable from the sample geometry. By orienting 
the sample geometry relative to the beam geometry, the direction in which the 
lattice plane spacing is measured relative to the sample co-ordinate system is 
defined. By translating the sample within the beam, different gauge volumes can be 
examined, mapping the stress state across the sample. 
 
 

 
 

FIGURE 6.6 Schematic representation of the experimental set-up for residual 
stress measurements using neutron diffraction. Copley [83]. 

 
 
Residual stresses are not directly measured in these experiments (nor using any 
other experimental technique). By using the Bragg equation  
 
 2 sindλ θ=  (6.1) 
 
where λ is the incident wavelength, the mean lattice spacing, d, within the actual 
gauge volume can be calculated from the position of the Bragg scattering angle 2θ.  
 
The local strain is thus given by 
 

 0

0

d d
d

ε −
=  (6.2) 

 
where d0 is the unstressed lattice spacing. This stress free level must be determined 
for the actual structure. In the present case, no stress relaxation of the hot rolled 
steel plate was carried out previous to flame cutting, instead the stress (strain) level 
close to the original edge of the plate was used as a relative measure for the stress 
free spacing. 
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The resulting strains from equation (6.2) can be converted into the corresponding 
stresses using the diffraction elastic constants, i.e. a suitable value of the material 
stiffness in form of Poisson’s ratio, ν, and the elastic modulus, E, in the expression 
 

 ( )(1 ) 1 2x x x y z
E νσ ε ε ε ε
ν ν

 = + + + + − 
 (6.3) 

 
and equivalent for σy and σz

1.  
 
The current experimental investigation covers measurements in three orthogonal 
sample directions. The measurements were carried out in locations transverse to the 
weld at its centre, similar to the temperature measurements, but across both plates, 
see Figure 6.7. The distance between the mesh points were 5 mm. The gauge 
volume was chosen to be 5 mm × 5 mm × 1 mm, with the 1 mm dimension being in 
the direction of each individual orthogonal measurement orientation. The 5 mm 
dimension in the other two directions means that some average is inherent, e.g. 
through the thickness of the plate and along the weld when the sample direction of 
the measurement is longitudinal to the weld. 
 
 

 
FIGURE 6.7 Illustration of neutron diffraction measuring points. After flame 

cutting, the total width was mapped. After welding, the plates 
from the weld centreline and 160 mm out were mapped (173 mm 
for the strain direction longitudinal to the weld). 

 
 
 
 
 
 
 

                                                 
1 Note that the ABAQUS finite element model presented in the following, uses tensor notation for 
the description of the coordinate directions, i.e. (1,2,3), whereas the neutron diffraction 
measurements presented for the evaluations, uses the classical (x,y,z)-terminology as in eq. (6.3). 
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6.3 Three-dimensional Numerical Model 
 
The discussion of material properties in chapter 4 and the modelling of the moving 
heat source as it is presented in chapter 5 are partly based on an incremental 
development with the finite element model2. The procedure has been to set up a 
numerical model including the aspects of the physical behaviour of the 
technological problem, in this case the submerged arc welding of two plates in a 
butt weld, and then make it workable, that is, being apple to converge and give 
physical meaningful results. Next, the results are evaluated against measurements 
and, with regard to the thermal analysis, some adjustment is made to the heat source 
model to obtain good agreement between calculated and measured transient 
temperatures. Throughout this process, simplifications and compromises improving 
numerical efficiency are in focus, still obtaining appropriate results in respect of 
both the thermal and mechanical analysis. 
 
For the present application, the main modelling aspects considered in the 
development of the numerical model have been the geometrical modelling, meshing 
and boundary conditions treated together in the following section. Furthermore, the 
main concerns are obviously a matter of modelling the moving heat source and the 
material behaviour, respectively. These latter two topics are discussed thoroughly in 
chapter 4 and 5, respectively, and will only briefly be outlined here for the actual 
application in question. 
 
 
6.3.1 Geometrical Modelling, Meshing and Boundary Conditions 
 
The welding problem as sketched in Figure 6.2 is assumed symmetric about the 
centre plane of the weld. Therefore, only half of the geometry is modelled as shown 
on Figure 6.8. The same mesh was used in the thermal as well as the mechanical 
model and it consists of 12244 eight-node linear brick elements (solid continuum 
elements) with a total of 15638 nodes. 
 
The run-in and run-out plates for start-up and ending the weld is modelled as a solid 
part of the main plates allowing free heat conduction across the boundary between 
the small attached plates and the main plates. In the experiments, the run-in and run-
out plates are only tack welded to the main plate resulting in a limited heat transfer 
coefficient across the boundary due to an inevitable gab. This deviation in the 
thermal model from the experiments are assumed insignificant and without any 
influence on the comparisons between calculated and measured temperatures since 
the measuring points are located in the centre of the plate away from the run-in and 
run-out plates as shown on Figure 6.3. For the structural analysis the constraining 
from the tack welds are assumed similar as that of fully welded run-in and run-out 

                                                 
2 In practical a qualified trial-and-error method. 
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plates and the influence on the residual stress field in all cases assumed limited 
compared to the constraining of the main plate itself due to temperature differences 
between heated and cooled material, i.e. expanding and contracting material. 
 
 

 
 

FIGURE 6.8 The geometry with the finite element mesh for one-pass welding. 
Half of geometry due to symmetry. 

 
 
With the tack welded small plates in each end of the weld, the two main plates are 
fixed in the line-up position. As the filler material is laid, the weld is transiently 
constrained as the deposit solidifies. No other mechanical boundary conditions are 
considered, gravity is neglected and hence the support of the structure in the 
experimental set-up is of no consequence for the results of the numerical analysis. 
 
The thermal boundary conditions are in general specified in accordance to the 
description in Section 4.2.1, that is, according to Newton’s law, e.g. equation (4.14), 
with an equivalent temperature dependent heat transfer coefficient covering 
convective and radiative contributions. In ABAQUS the thermal film coefficient is 
used. This total equivalent coefficient as function of temperature is shown in Figure 
4.1c. 
 
Of special consideration in connection to the specific welding process, is the 
thermal insulation due to the welding powder. According to experimental 
observations, the welding powder covers a broad band of 100 mm as it is deposited. 
This is modelled by 50 mm of the plate at each side of the weld centre line being 
thermally adiabatic on the upper side of the plates. In the experimental set-up, the 
welding powder is added as the welding torch moves across the plate. In the 
numerical model, the insulation is specified initially in the total length of the weld. 
This simplification has no relevance for the calculated temperature fields since 
practically no heat is conducted in the material in front of the welding torch and 
hence the thermal boundary condition is without significance in this area. On some 
automatic submerged arc welding equipment, the welding powder is sucked up 
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closely behind the torch, cleaned through filters and then re-used on the fly. This 
would obviously change the thermal boundary condition in an area with 
considerable consequence for the heat loss to the surroundings, since here the 
temperature of the weld and main plate is high. In the present experiments, the 
welding powder is left on top of the weld until it has cooled. In the case of welding 
in two passes, the welding powder and slag is removed immediately before the 
second weld and hence no change in the general thermal boundary conditions is 
considered in the numerical model. 
 
 
6.3.2 Heat Source Modelling 
 
For the butt weld analyses, both flame cutting and submerged arc welding are 
modelled transiently, moving across the plates.  
 
Flame Cutting 
The main plates are cut before the run-in and run-out plates are attached. For this 
preparation, flame cutting has been used. It is modelled as described in the former 
chapter’s Section 5.4. The principle of the model is a constant temperature on an 
area of the edge being cut of approximately the size the flame affects. The affected 
area moves along the edge and is held at the solidus temperature for a time 
corresponding to the travel speed of the torch. 
 
A calculated temperature profile from flame cutting one of the base plates is shown 
in Figure 6.9. Approximately 15 mm of the weld preparation still “lack being cut”. 
In the case of one-pass welding, the rear edge of the plates3 are also applied this 
modelling procedure for the flame cutting. 
 
 

 
FIGURE 6.9 Calculated temperature profile from flame cutting. The surface 

flux on the plane being cut simulates a constant temperature 
boundary condition of 1490°C through the thickness of the plate. 

 

                                                 
3 See Figure 6.1 for “location” of the rear edge. 
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Submerged Arc Welding 
The modelling technique of the welding process is treated in Section 5.4. The 
principle is to successively supply filler elements at a temperature well above the 
melting temperature while in the same elements applying a body flux and on top of 
the weld a surface flux which altogether conform to the total net heat input from the 
welding torch. In the case of welding in two passes, the filler elements are naturally 
added/activated in two passes as indicated with the contour plots in Figure 6.10.  
 
 

  
FIGURE 6.10 Calculated transient temperature profiles from welding in two 

passes. The contours are limited upwards by the weld pool 
boundary, i.e. 1495°C. Left: Root pass. Right: Cover pass. 

 
 
The reinforcement, i.e. the portion of the weld beyond the workpiece surface, is 
modelled in accordance with experiments. The geometrical modelling of the weld 
layers is not crucial, but the melted volume of metal must represent the correct 
amount of energy. Welding in one pass results in no reinforcement with the welding 
specification used for the butt weld application. 
 
 
6.3.3 Material Modelling 
 
The behaviour of the material is in general modelled as described in Section 4.3 and 
with the properties of the material shown in Figure 4.2 to 4.8. For the structural 
analysis, the material is assumed perfect plastic as a starting point. This favours a 
conservative approach for the calculation of residual stresses, which to some extent  
always should be intended in the analysis of industrial real-world applications. 
Attention should be put to the subsequent evaluation of the structure’s strength on 
basis of the calculated residual stresses, though. If the result of the stress calculation 
is used as the unloaded stress state of a dynamic loaded structure, and this stress 
state is favourable from a fatigue resistance point of view, e.g. compressive stresses 
across a crack slit, a too high conservative calculated residual stress level will give a 
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too high fatigue resistance to rupture. More on fatigue assessment of welded 
structures under loading later. 
 
Different considerations regarding the modelling of the thermal expansion 
coefficient and the adoption of plasticity behaviour, is treated in connection with the 
presentation of the results and the comparisons with the experimental measurements 
especially for the application welded in two passes. 
 
 
6.4 Measurements, Comparisons and Evaluation 
 
Comparisons of temperatures and residual strains and stresses in respect to the 
three-dimensional model of the two welding conditions are discussed in the 
following. The thermal and mechanical analyses are treated separately, though 
conclusions on the structural results naturally will relate to the thermal analysis as 
well.  
 
For the thermal evaluation, temperatures are measured and calculated individually 
for flame cutting and welding. The transient temperature curves are presented for 
both welding in one and two passes, and comparisons are made. Though the overall 
purpose is to predict the residual stress state in the welded structure, elastic strains 
are used as the primary measure for the evaluation of the mechanical modelling 
approach. This is convenient since the source of the experimental measurement 
technique, that is neutron diffraction, yields elastic strains as the basic result. 
Moreover, this eliminates the uncertainty arising from converting elastic strains into 
stresses. After the thermal evaluation, comparisons of such elastic strain fields are 
presented and discussed for flame cutting and welding starting with the focus on the 
plate set being welded in one pass. Finally, after the subsequent presentation of the 
results from welding in two passes, considerations on the modelling of materials are 
given. 
 
 
6.4.1 Temperatures – Flame Cutting 
 
It has not been the purpose to model the flame cutting process with a high degree of 
precision. The objective has been to propose a simple and easily adoptable 
modelling approach, adequate for including the effect on the residual stress field 
from the pre-weld preparation of the structure. In the following Figure 6.11, the 
temperature measurements from flame cutting are shown in the left graph. The 
temperatures as calculated with a constant temperature boundary condition of 
1500°C moving on the weld preparation are shown in the middle graph. It is seen, 
comparing the left and middle graph, that the temperatures are calculated too high 
for the nearest points and too low for the points furthest away from the weld 
preparation and in general the material is cooled too quickly giving too narrow 
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temperature peaks. This could indicate that the constant temperature of the flame 
cutting heat source and the travel speed of the torch in both cases were too high. 
The travel speed is measured in the experiments with a fair accuracy and by only 
lowering the temperature, e.g. to 1000°C, the heat input from the flame cutting 
process seems too small in general. This can be seen from the right graph in Figure 
6.11 with the even lower “base level temperature” at 75 seconds. 
 

 
FIGURE 6.11 Measured and calculated transient temperatures as function of 

time while flame cutting. Position of thermocouples shown in 
Figure 6.5. 

 
 
A more precise description of the heat input from flame cutting should include the 
secondary heat from the flame, which is spread out on a wide area on top of the 
plate being cut and thus preheating it. The constant temperature of the heat source 
could then be lowered without decreasing the total heat input considerably. With 
heat being spread out on the plate around the flame-cutting torch, the high 
temperature areas would cool slower giving somewhat broader temperature peaks. 
 
For the subsequent mechanical analyses of the flame cutting influence in the present 
case, the simple modelling procedure is chosen represented by the middle graph in 
Figure 6.11. This model is judged to give an adequate representation of the total 
amount of heat input though a bit on the low side comparing the approximate base 
level temperature at 75 seconds. 
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6.4.2 Temperatures – Submerged Arc Welding 
 
For the temperatures in the near weld region when welding, no quantitative 
comparison has been carried out within this project. Instead, the evaluation is based 
on a qualitative reflection of the weld pool shape as discussed in section 5.4.4 and 
e.g. represented with the contour plots in Figure 6.9 and 6.10 for flame cutting and 
two-pass welding, respectively. With the method applied, the weld pool shape is 
quite accurately modelled compared to experiments. Both concerning cross-
sectional shape and length of weld pool as treated in section 5.4.4. 
 
 

 
FIGURE 6.12 Calculated and measured transient temperatures in seven 

selected distances to the weld centre line as function of time 
while welding in one pass. Temperature curves for all fifteen 
measuring points are inserted at top right corner. 

 
 
The calculated thermal fields in general in the structure are evaluated against the 
thermocouple measurements. In Figure 6.12, temperature curves as function of time 
for the location of the measuring points are shown for both calculated and measured 
transient temperature fields for welding in one pass. Good agreement is achieved in 
the region of the plate that the thermocouples cover. This is supported by looking at 
the temper colours of the welded plate, as for instance in a distance of 
approximately 45 mm from the weld centre line, a dark blue colour was seen 
indicating a temperature of 290°C in accordance with Uddeholm [86] for temper 
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colours of low alloyed carbon steel. This agrees very well with the highest 
measured temperature in the location at 42 mm, which is 295°C. Not surprisingly, 
the largest deviation between measurements and calculations is seen for the 
measuring points nearest the weld as discussed in relation to the uncertainty of the 
geometrical position of the thermocouples in Section 6.2.1. 
 
 

 
FIGURE 6.13 Calculated and measured transient temperatures for welding in 

two passes. Seven selected distances to the weld centre line as 
function of time are shown. Temperature curves for all fifteen 
measuring points are inserted. 

 
 
The temperatures measured when welding in two passes are shown in Figure 6.13. 
The locations of the thermocouples are the same as for one-pass welding so the 
temperatures are obviously lower for corresponding measuring points due to the 
lower heat input rate in the two-pass set-up. Very good agreement is obtained 
between measurements and the numerical model, even for the nearest measuring 
points, which indeed are relatively further away from the concentrated temperature 
field than in the case of one-pass welding, especially regarding the first pass when 
welding in two passes. In the latter case, the isotherms will be considerably more 
narrow than in the former case. 
 
From the evaluations of temperature profiles and measurements, the thermal 
modelling of the flame cutting as well as the submerged arc welding seem to yield 
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good agreement with observations in general and as such, these thermal analyses 
are used as the basis for the subsequent mechanical analysis. 
 
 
6.4.3 Strains and Stresses – Flame Cutting 
 
The two sets of plates as presented in Figure 6.1 are flame cut on one and two 
edges, respectively. Naturally, the plates have been cut in the length as well, but this 
is presumed to have no influence worth mentioning for the calculated and measured 
elastic strains in the path of measuring points transverse to the weld in the centre of 
the plates4. The numerically calculated and experimental measured elastic strains 
longitudinal to weld preparation are presented in Figure 6.14 for the two sets of 
plates. Measurements have been carried out in both plate halves representing two 
unique experimental results, whereas the finite element calculation are only carried 
out for one plate half giving symmetric results around the weld centreline. 
 

   
FIGURE 6.14 Calculated and measured elastic strain longitudinal to the weld 

preparation in both plate sets, as presented in Figure 6.1, after 
they have been flame cut. 

 
 
The applied model for the flame cutting is found to give good agreement in the case 
where only the weld preparation is flame cut and the rear edge of the plate is left to 

                                                 
4 The path of measuring points for the elastic strain evaluation is located similarly to that of the 
temperature measurements when welding and was shown in Figure 6.7. 
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be that of the original hot rolled plate, i.e. the triangle marked curves in Figure 6.14. 
The abrupt bend in the curve at 45 mm is captured very well, though the level of the 
negative elastic strain area approximately 40 mm to 100 mm from the weld centre 
line differs to some extent.  
 
In the case where both the rear edge and weld preparation has been flame cut, i.e. 
the square marked curves in Figure 6.14, the tendency found with the finite element 
model is correct but the area with high positive elastic strains (corresponding to 
tensile stresses) at the rear edge is somewhat too narrow indicating that the heat 
input was too small in the numerical model. For instance, if the velocity is modelled 
too high the heat input would be too low and the area of high tensile stresses 
longitudinal to the weld too narrow. More likely in the present comparison, the 
rapid cooling of the heat affected material due to lack of flame preheating makes the 
tensile stress zone too narrow. Besides the “usual” measuring uncertainties, the 
reason why the deviation is most pronounced at the rear edge rather than at the weld 
preparation is probably due to the difference in heat input and cooling condition 
resulting from the geometrical difference between the straight cut rear edge and the 
30° cut weld preparation.  
 
The rear edge is cut as the first of the two. The high positive elastic strain (tensile 
stress) area at the edge adds some restraint to the plate. If this area is too narrow, the 
restraining will be less. The deviation observed in the actual case thus implies that 
the modelling of the subsequent flame cutting of the weld preparation does not give 
rise to the same level of negative elastic strains (corresponding to stresses in 
compression) in the mid area of the plate between the two edges as measured. 
 
 
6.4.4 Strains and Stresses – Submerged Arc Welding in One Pass 
 
The numerical analysis of the submerged arc welding process is carried out both on 
the structure being initially stress free and after the calculation of the residual stress 
state from flame cutting as presented above. The following Figure 6.15 shows the 
longitudinal elastic strains for these two conditions together with the neutron 
diffraction measurements. 
 
First of all it is seen, that from the weld and approximately 60 mm out in the plates, 
very good agreement is found for the elastic strains between the two numerical 
analyses and the measurements. The width of the high positive elastic strain area 
(high tensile stress zone) is captured very well and so are the levels independent of 
the initial elastic strain state adopted in the plates before welding. 
 
For the numerical calculation neglecting the effect from flame cutting, i.e. the 
unfilled square marked curve in Figure 6.15, the strain level further out in the plate 
deviates considerably compared to the measurements. By including the analysis of 
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the flame cutting, i.e. the unfilled triangle marked curve in Figure 6.15, the strain 
field in the area of the plate that the neutron diffraction measurements cover is 
captured quite precisely.  
 

  
FIGURE 6.15 Longitudinal residual elastic strains after welding in one pass. 

Neutron diffraction measurements compared to numerical 
analysis of welding based on both stress free plates and 
calculated stress state after flame cutting. 

 
 
Figure 6.16 combines corresponding measurements and calculations of the plate set 
being flame cut and welded in one pass from Figure 6.14 and 6.15. The longitudinal 
residual strains from flame cutting of the plates are shown with the square marked 
curves serving as the initial stress/strain field before welding. The welding induced 
residual strains are the triangle marked curves. It is noticeable that the longitudinal 
high elastic strain area is narrower in the case of a flame cut plate compared to a 
welded plate. This naturally reflects the difference in power input from the two 
processes which also can be seen from the more narrow transient temperature field 
when flame cutting, Figure 6.11 and 6.12. 
 
The elastic strains measured and calculated in the direction transverse to the weld 
and in the through-thickness direction of the plate are presented in Figure 6.17 and 
6.18 equivalent to the representation in Figure 6.16.  
 
In both cases, the numerically calculated residual elastic strains more or less follow 
the lower limit of a margin of error of 2⋅10-4 to those obtained by means of neutron 
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diffraction. This systematic deviation might be found in the experiments rather than 
in the numerical model. In the evaluation of the elastic strain via the change in 
lattice spacing, equation (6.2), the unstressed lattice spacing d0 is used. As 
mentioned earlier, this was found from the condition of the material close to the 
edge of the original hot rolled steel plate and probably this is a better assumption for 
the elastic strains in the direction longitudinal to the weld (and edge) as compared to 
the other two directions where some manufacturing residual stresses might be 
present. 
 

 
FIGURE 6.16 Neutron diffraction measurement and numerical analysis of one-

pass welding. Elastic strains in the direction longitudinal to the 
weld. The calculated residual strain/stress field after flame 
cutting is included as the initial stress state before welding. 

 
 
For both the direction transverse to the weld and the through-thickness direction, 
obviously erroneous measurements of elastic strains in a few points are seen from 
the results of the experimental measurements. These points are located in the weld 
and in the heat affected zone next to the flame cut edge. In general, if these 
measurements are ignored, the strain level is lower compared to that in the 
longitudinal direction. This is as expected, especially for the through-thickness 
direction in which the stress can be anticipated being almost zero, though the stress 
in each direction is composed of all three elastic strain directions through Hooke’s 
law, equation (6.3). These circumstances are naturally reflected in the agreement 
between the residual stresses calculated in the three directions compared to those 
evaluated from the neutron diffraction measurements of elastic strains. 
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FIGURE 6.17 Similar to Figure 6.16, except elastic strains in the direction 

transverse to the weld.  
 
 
 

 
FIGURE 6.18 Similar to Figure 6.16, except elastic strains in the through-

thickness direction of the plate. 
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Figure 6.19 shows the numerically calculated residual welding stresses compared to 
the stresses corresponding to the measured residual elastic strains shown in Figure 
6.16 to 6.18. The stresses from the neutron diffraction measurements are calculated 
using equation (6.3). 
 
 

 
FIGURE 6.19 Calculated and measured residual stresses after welding in one 

pass. The pre-weld condition after flame cutting of the plates is 
included in the numerical analysis. 

 
 
Comparing the shape of the curves, good agreements are obtained for all three 
stress directions. For the stresses in the transverse and through-thickness direction, 
i.e. for σx and σz, a constant difference of approximately 100 MPa is observed. This 
is a direct consequence of the systematic deviation found between the elastic strains 
in these cases. From the through-thickness stresses, the supposition is verified that 
the deviation should be found in the measurements. Due to the plates being 
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relatively thin, the through-thickness stresses are expected to be approximately zero. 
The calculated through-thickness stresses are almost identical equal to zero but the 
corresponding measured stresses are found to be approximately 100 MPa in the 
total width of the plates that the measurements cover. 
 
For the longitudinal direction the elastic strains measured and calculated were found 
to yield very good agreement, but since the corresponding stresses in the 
longitudinal direction, σy, also rely on the strains measured in the other two 
directions, a deviation is found in this case too. The difference between calculated 
and measured stress varies from 40 MPa to 100 MPa. 
 
 
6.4.5 Strains and Stresses – Submerged Arc Welding in Two Passes 
 
Similar to Figure 6.16 to 6.18 for one-pass welding, comparisons between measured 
and calculated elastic strains are made for welding in two passes. These are shown 
altogether in Figure 6.20. No difference is observed in the numerically calculated 
elastic strains whether the initial stress field before welding includes the residual 
stress field from the flame cutting process or the plates are assumed initially stress 
free. The plates for welding in two passes have only the weld preparation flame cut, 
and the effect from this has very limited restraining effect on the stress development 
in the plates, in general. Close to the weld, the stresses from flame cutting are 
overruled by the effect of the welding process as it is also seen in the case of one-
pass welding in Figure 6.15, where the flame cutting does not affect the welding 
induced strains calculated in the vicinity of the weld. 
 
Much of the same as for one-pass welding can be concluded from the evaluation of 
the application that is butt welded in two passes. For the elastic strains in the 
direction transverse to the weld and in the through-thickness direction, very good 
agreement in the shape of the curve is obtained, but again, a systematic deviation is 
seen, Figure 6.20 (middle and lower). The strain levels are found equivalently to 
that in one-pass welding for the two directions and the tendency almost the same. 
The elastic strains transverse to the weld reduces away from the weld for the plate 
set being welded in two passes, whereas for the one-pass welded plates the strain 
level keeps almost constant. This can be explained by the difference in the initial 
stress field before welding originating from the different flame cut pattern. 
 
For the strains longitudinal to the weld, a slightly more narrow high positive elastic 
strain area around the weld is obtained. More noticeable is the abrupt bend of the 
curve after welding in the negative elastic strain area at approximately 80 mm from 
the weld centreline similar to that seen from flame cutting at approximately 45 mm. 
In the case of one-pass welding, this area is much broader and much more levelled 
out. The shape of the measured elastic strain curve is not captured that well in this 
area with the numerical model for the plates being welded in two passes. 
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Unfortunately, the number of measuring points for the longitudinal elastic strains is 
rather limited in the plates from 80 mm and out, but for the two symmetric plates in 
a set, the measurements are well reproducible and therefore display good credibility 
for the relative evaluation, after all. 
 
 

 
FIGURE 6.20 Neutron diffraction measurement and numerical analysis of 

elastic residual strains after welding in two passes. 
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Comparisons between numerically calculated stresses and those evaluated from the 
neutron diffraction measurements in the case of two-pass welding exhibit the same 
tendencies and considerations on the subject as those in the case of one-pass 
welding. The consequences of the less well-predicted longitudinal strains are 
evidentially reflected in the corresponding stress evaluation. Assuming the thermal 
analysis being adequate, possible causes are sought in the structural model. 
 
 
6.4.6 Strains and Stresses – Material Model Variations 
 
Regarding the mechanical boundary conditions, these are rather well defined and 
the assumptions made, counting the exclusion of the gravity on the welded plates, 
are presumed without influence on the residual stress field. What always remains in 
question, is the modelling of the mechanical material behaviour through 
specification of appropriate material parameters. Considering the yield stress and 
Young’s modulus, these are quite well determined at low temperatures. At higher 
temperatures, they are considerably reduced. Exactly to which values and at which 
grade are not that important for the stress development in mild steel structures but 
more for the effectiveness of the finite element code. The thermal expansion 
coefficient as function of temperature is in general assumed to have considerably 
larger effect on the residual stress level as discussed in relation to Figure 4.8. The 
calculations above were made with a constant coefficient of thermal expansion for 
temperatures above 700°C. Including the drop at the transformation points as shown 
in Figure 4.8 in the numerical model of the two-pass butt weld application, resulted 
in no noticeable effect on the residual stress calculations.  
 
Due to the extreme thermal loading conditions in welded structures, plastic 
deformations of the material are practically always present5. The modelling of 
plasticity behaviour is therefore influential for the analysis of the stresses and 
deformations from welding. A realistic and often applied approach in the modelling 
of plasticity models is the isotropic hardening principle. This is implemented 
according to Figure 4.10. The consequence for the stress calculations in the 
direction longitudinal to the weld for the application welded in two passes can be 
seen in the following Figure 6.21, where a comparative evaluation of the modelling 
procedure for the plasticity behaviour is shown. The measured stresses are 
evaluated from the corresponding elastic strains shown in Figure 6.20. 
 
 

                                                 
5 Reminding the discussion of the temperature change required to initiate plastic yielding in 
compression in connection with equation (3.2). 
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FIGURE 6.21 Calculated and measured residual stresses longitudinal to the 

weld after welding in two passes. Numerical material models 
with perfect plasticity and isotropic hardening are compared. 
Isotropic hardening according to Figure 4.10. 

 
 
In the area of the weld where strong yielding has occurred, the stress level is 
naturally considerably higher with the isotropic hardening material. Further away 
from the weld, the difference is less remarkable and the inclusion of the hardening 
effect does not seam to significantly improve the agreement with the tendency of 
the measurements. 
 
For the stresses calculated in the other two perpendicular directions, a difference 
can barely be seen between the isotropic hardening and perfect plasticity models, 
Figure 6.22. Disregarding the systematic deviation of approximately 100 MPa, the 
tendency of the measurements is more or less captured well with the analyses. 
Comparing the measurements with those from the plates welded in one pass, 
considerably higher fluctuation is observed and therefore comparisons with 
variations of the material behaviour in the numerical modelling are less appropriate. 
The oscillating measurements also indicate that the thermal load, the plates are 
exposed to when welding in two passes, is much more severe in sense of 
temperature gradients and cooling conditions compared to the plates welded in one 
pass, supported by comparing cooling rates in Figure 6.12 and 6.13. Consequently, 
the variation in microstructural formation is larger within shorter distance leading to 
deviating neutron diffraction measurements having in mind that some averaging is 
inherent over the gauge volume. 

-200

-100

0

100

200

300

-240 -200 -160 -120 -80 -40 0 40 80 120 160 200 240

Distance from Weld Centerline [mm]

St
re

ss
 (l

on
gi

tu
di

na
l t

o 
w

el
d)

 [M
Pa

]
ND-measurements σ_Y
FEM σ_Y
FEM σ_Y (hardening)



N U M E R I C A L  M O D E L L I N G  O F  W E L D I N G  I N D U C E D  S T R E S S E S  

102 

 
FIGURE 6.22 Calculated and measured residual stresses transverse to the 

weld and through-thickness after welding in two passes. 
Numerical material models with perfect plasticity and isotropic 
hardening are compared. 

 
 
Other material variations and combinations have naturally been tested including the 
thermal expansion coefficient, as mentioned above, combined with the isotropic 
hardening principle for plasticity modelling. This particular example gave no 
further information. An important measure for the evaluation of the material 
modelling is the CPU time required in each case. As for example, the peak in 
specific heat around the transformation temperature is spread out compared to 
common representations of cp, Figure 4.4. This improves the convergence of the 
thermal analysis having the result that CPU time decreases. The drop at the 
transformation point in the coefficient of thermal expansion as tested, resulted in 
considerably increased CPU expenses, in fact about 60% longer calculation time6. 
                                                 
6 This particular calculation, made on a dual processing Intel 2 GHz CPU computer with 2.5 GB of 
memory and raid-disk configuration, took approximately 90 hours of CPU time, with a total 
wallclock time of 51 hours for the mechanical analysis of welding in two passes, no flame cutting 
considered. 
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On the other hand, the implementation of isotropic hardening resulted in slightly 
improved calculation time compared to a perfect plasticity model. Generally, the 
smoother the material parameters are described, the better convergence can be 
expected. 
 
Overall, the numerical model for the present applications yields good consistency 
with the neutron diffraction measurement and the model is not to a large extend 
sensitive to the material modelling. As regarding the elastic strains and 
corresponding stresses longitudinal to the weld, the best agreement is obtained 
when welding in one pass only. The strains and stresses in the other two directions 
are captured well in both cases though a constant deviation is found between the 
three-dimensional numerical model and the neutron diffraction measurements. 
 
 
6.5 Two-dimensional Numerical Model 
 
During the work with the butt weld application, two-dimensional modelling of the 
welding induced stresses has been attempted. This has served two main purposes. 
For a start, the two-dimensional approach is much more convenient in practically 
any aspects concerning modelling efforts and computational time compared to that 
of a three-dimensional approach. This makes the two-dimensional modelling 
suitable for simple evaluations of e.g. different material models, variations in 
material parameters, boundary conditions and to some extend heat source models. 
Moreover, it was clear from an early point that the industrial application treated in 
the following chapter could not be modelled with the three-dimensional approach 
adopted in connection with the butt weld application as regards the computational 
time in practise, without including some further modelling techniques7 which lie 
beyond this project. 
 
In this section, the two-dimensional methodology is presented for the butt weld 
application welded in two passes, including the geometrical modelling, meshing, 
boundary condition, material and heat source modelling. For evaluation, some 
comparisons with the experimentally obtained stress measurements and the results 
of the three-dimensional numerical model are given. 
 
 
 
 
 
 

                                                 
7 Modelling techniques such as adaptive meshing and the implementation of combined solid and 
shell models e.g. as mentioned in connection with Figure 5.3 are eventually required for three-
dimensional analyses of welds in large structures. 
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6.5.1 Geometrical Modelling, Meshing and Boundary Conditions 
 
In the two-dimensional model, the symmetry condition is also utilized to limit the 
size of the model to half of the final welded part. Of the assumptions presented in 
chapter 3 for two-dimensional modelling, the plane strain approach as well as the 
generalized plain strain assumption are adopted in the presented model as especially 
the latter applies to the application considered in the following chapter. That is, a 
cross section transverse to the weld is modelled, which truly is subjected to an 
unequally distributed loading condition with respect to the modelled out-of-plane 
direction, i.e. the direction longitudinal to the weld. Therefore, the generalized plane 
strain assumption is applied in the primary model. The traditional plane strain 
assumption is also attempted for comparison reasons. 
  
The cross sectional geometry is shown with the mesh in Figure 6.23. The same 
mesh was used in the thermal as well as the mechanical model and it consists of 
3510 four-node linear generalized plane strain elements (ABAQUS solid continuum 
elements type CPEG4) with a total of 3745 nodes. 
 
 

 
FIGURE 6.23 The geometry with the finite element mesh for the two-

dimensional analysis of the butt weld application welded in two 
passes. Half of geometry due to symmetry. 

 
 
The two-dimensional generalized plane strain model has inevitably some 
limitations. In the thermal analysis, the heat conducted in the direction of the weld 
is neglected, hence all energy transport occurs as conduction in the plane transverse 
to the weld including appropriate boundary conditions on the top and bottom 
surface of the workpiece. If the heat source model releases the right amount of 
energy transiently, this limitation is acceptable for obtaining correct temperature 
profiles in the cross section. 
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The thermal boundary conditions are specified as in the case of the three-
dimensional model, that is, according to Newton’s law with an equivalent 
temperature dependent heat transfer coefficient covering convective and radiative 
contributions. The insulation due to welding powder is likewise accounted for. 
  
For the mechanical analysis, none of the constraining effects along the weld, e.g. 
the tack welds and the run-in and run-out plates for start-up and ending the weld, is 
captured with the two-dimensional model. Nor is the transient constraining of the 
weld accounted for as the deposit solidifies. In practice, the plates are free to deform 
in the plane of the cross section. No constraining interactions occur between cold 
and heated material along the weld regarding the angular deformation of the plates. 
This anticipates in general a lower level of calculated residual stresses in the two-
dimensional model compared to the three-dimensional model. 
 
 
6.5.2 Material Modelling 
 
The behaviour of the material is modelled equivalent to the material description in 
the three-dimensional model. Variations in material parameters are conveniently 
tested with a two-dimensional model. The calculation time for each configuration to 
be tested is of the order of 300 times longer for the three-dimensional model 
compared to the two-dimensional model as presented here. But due to the limitation 
of the geometrical assumption in the two-dimensional model, naturally not all 
effects of the material modelling approach can be evaluated in this way. 
 
 
6.5.3 Heat Source Modelling 
 
The heat source approach applied in the two-dimensional model evaluated below is 
based on the results of the discussion concerning power distribution models in 
section 5.4.4. The percentage power distribution of the total energy input from the 
heat source is intended to approximately 40% as filler material, 20% as body flux 
and the final 40% as surface flux constantly distributed across 150% of the weld 
preparation width. This holds for both passes, except for the fact that the area the 
surface flux covers in the root pass, is limited by the “walls” of the weld 
preparation. The filler material is added at a temperature of 2500°C. Figure 6.24 
illustrates the power distribution in the two welding passes. 
 
The transient nature of the moving heat source obviously cannot directly be adopted 
but must be taken into account in an approximate manner. It is a matter of finding 
the balance between the heat source intensity and the time it is active. The net heat 
input, Q, length of the weld, L, and the travel speed of the welding torch, v, give the 
total energy applied. Assume that all energy is applied as body flux for 
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convenience, the relation between the time for the heat source to be active, ∆t, and 
the intensity of the body flux, Φ, are given through the factor d by the expressions 
 

 dt
v

∆ =      and     Q
A d

Φ =
⋅

 (6.4) 

 
Hence, the longer time the heat source is active, the lower the intensity. The factor d 
can be related to the characteristics of the actual welding process as an estimate of 
the heat-spot diameter. For the submerged arc welding process in this thesis, the 
heat-spot diameter is approximated in the scale of 7.5 mm8. 
 

 
FIGURE 6.24 Power distribution principle for the two-dimensional generalized 

plane strain model of the application welded in two passes. 
 
 
After the filler elements are added for the root pass and the remaining energy is 
added as body flux and surface flux for a specific time, the material is allowed to 
cool for a time corresponding to finishing the weld, assuming the cross section in 
focus is located in the centre of the plates, plus the time for rearranging the welding 
equipment for the cover pass, plus once more the time for welding until the cross 
section is reached. With reference to Figure 6.13, this time is measured to 375 
seconds. At this point, the elements representing the cover pass are added together 
with the body flux and surface flux. Finally, the structure is cooled till room 
temperature. 
 
 
6.5.4 Comparisons and Evaluation of Two-dimensional Approach 
 
It is not the purpose to present a detailed evaluation of the two-dimensional 
generalized plane strain model for the plates being butt welded in two passes, but 
some results of the thermal as well as the mechanical analysis are presented and 
                                                 
8 In the three-dimensional model, two rows of filler material transverse to the weld are added at a 
time. The length of these two rows in the direction of the weld is 7.5 mm as well (i.e. the width of 
each row is 3.75 mm). 
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compared with measurements and the three-dimensional model. The industrial 
application, which is modelled by the two-dimensional methodology in the 
following chapter, is thoroughly evaluated. 
 
Temperatures 
No special attempt has been made to make the calculated weld pool shape agree 
with experimental obtained micro-samples. The heat source model is applied as it is 
optimized for the three-dimensional model with the addition of the estimated heat-
spot diameter as considered above. In the following Figure 6.25, a comparison is 
presented. The root pass is calculated too wide especially in the upper part where 
the numerical model predicts the shape of the weld pool about 40% wider than the 
experiments shows. The characteristic weld penetration shape of the second pass, 
the cover pass, is not captured with the model because of the neglected physics of 
the melt, e.g. the Marangoni and Buoyancy effects, see Figure 5.4, but the overall 
dimensions of the weld pool shape agree well with the micro-sample. With the extra 
degree of uncertainty in the two-dimensional heat source model in mind, the general 
agreement is acceptable for further evaluations. 
 
 

 
FIGURE 6.25 Micro-sample of weld penetration profile (etched cross section 

of weldment) from the application welded in two passes, with 
overlay of resulting weld pool shape from two-dimensional 
numerical calculation. 

 
 
Comparisons of the calculated transient temperatures in the seven selected distances 
to the weld centre line with thermocouple measurements (similar to Figure 6.13) are 
shown in Figure 6.26. Very good agreement is obtained with the two-dimensional 
model, and by comparing the three-dimensional and two-dimensional models, 
Figure 6.13 and 6.26, it is seen that temperatures are calculated slightly higher with 
the two-dimensional approach. This is not unexpected since heat conduction is 
neglected in the direction longitudinal to the weld, i.e. the out-of-plane direction of 
the two-dimensional model. Anyway, altogether this validates the assumption that 
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heat transfer mainly occurs as conduction transverse to the weld9, and furthermore 
that there are no concerns using the two-dimensional cross-sectional approach 
regarding the thermal analysis in respect to welding plates in a butt-weld as 
described in this chapter.  
 
 

 
FIGURE 6.26 Transient temperatures for welding in two passes in seven 

selected positions. Two-dimensional calculation compared to 
measurements (the same as in the comparison with the three-
dimensional model presented in Figure 6.13). 

 
 
Strains and Stresses 
The stresses in the three orthogonal directions calculated using the generalized 
plane strain assumption are shown in Figure 6.27, together with the corresponding 
neutron diffraction measurements and three-dimensional calculated stresses. To 
some extent, the high tensile stress zone is almost captured reasonably well, though 
the level, as expected, is lower compared to the full three-dimensional model. 
Where the slope is changing radically, approximately 60 mm from the weld 
centreline, the measurements and three-dimensional model show a much more 
smooth tendency compared to the two-dimensional model. Further out in the plates, 
the deviation between the two numerical approaches is significant.  

                                                 
9 This is also the basis in the assumption, the analytical solutions for temperatures are built upon, 
when the travel speed of the moving heat source is assumed high. This also explains why these 
solutions actual yield good results for the temperatures from a moving heat source in welded 
applications, cf. Rosenthal’s solutions, mentioned in chapter 5.  
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About halfway out in the plates, the level and slope of the two-dimensional model 
and the measurements are almost identical. This is merely a matter of coincidence 
more than an expression of any physical agreement between the two-dimensional 
approach and the experiments 
 
 

   
FIGURE 6.27 Comparisons of calculated and measured residual stresses after 

welding in two passes. Neutron diffraction measurements, the 
three-dimensional model and the generalized plane strain model. 

 
 
The stresses calculated are inconsiderable in the other two perpendicular directions, 
i.e. the in-plane directions of the generalized plane strain model. There is no 
external restraints modelled on the structure and no constraints are able to be build-
up by the model itself in these directions. In contrast, the residual stresses, which 
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exist in the direction transverse to the weld in the real structure, are captured with 
the three-dimensional model apart from the deviation in level as discussed earlier. 
This clearly shows that the nature of the welding processes with arcs travelling 
across the work piece truly is three-dimensional with respect to residual stresses. 
 
Variations of material parameters were tested with the two-dimensional model as 
well. Different types of hardening did not reveal significant changes in the outcome, 
nor did the modelling of the thermal expansion for temperatures above the transition 
temperature. 
 
 
Plane Strain versus Generalized Plane Strain Assumption 
Comparisons of the generalize plane strain and the standard plane strain assumption 
are presented here as a curiosity. The stresses in the out-of-plane direction 
longitudinal to the weld are shown in Figure 6.28. 
 
 

 
FIGURE 6.28 Two-dimensional stress calculations in the direction longitudinal 

to the weld. Plane strain model compared with generalized plane 
strain model in relation to corresponding neutron diffraction 
measurements. 

 
 
The correspondence is considerably decreased with the use of the standard plane 
strain model. No stress response in compression is developed and the tensile stress 
zone is far too wide. This is not surprising since, in the plane strain case, the cross 
section is totally constrained against any deformation in the longitudinal direction. 
Moreover, taking into consideration, that the stress state is governed entirely by the 
contraction of the filler metal, the stress state will be tensile throughout. For the 
generalised plane strain case, however, a stress field in equilibrium with force 
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resultant of zero, when integrated over the cross section, would be expected as 
confirmed by Figure 6.28.  
 
The stresses in the in-plane directions calculated with the plane strain model, are 
practically zero for the same reason as for the generalized plane strain model.  
 
 
6.6 Chapter Summary and Conclusions 
 
Submerged arc welding of a 60° single-V-groove weld in mild steel plates has been 
investigated with regard to the macroscopic residual stress state of the structure 
after welding. Two test specimens have been produced of sets of 480 x 240 mm 
plates with a thickness of 10 mm. The process used for the preparation of the plates 
has been traditional flame cutting. 
 
In the workshop experiments, the initial stress state in the plates before welding 
were the residual stress state after flame cutting, and no heat treatment before 
welding was applied. The two sets of plates were welded in one and two passes, 
respectively. Temperatures have been measured both during flame cutting and 
welding for the thermal evaluation of the process characteristics. Neutron 
diffraction measurements were carried out for the evaluation of the residual stress 
state in the structure, both after preparation of the weld groove by flame cutting and 
after welding of the plates. These experimental measurement techniques have been 
described. 
 
Because of the three-dimensional nature of moving heat source processes as flame 
cutting and welding, a three-dimensional numerical model has been the basis for the 
evaluation of the different modelling aspects. Geometrical modelling, meshing and 
boundary conditions have been considered, and the modelling of the moving heat 
source and the material behaviour through the various material parameters have 
been treated based on the discussion in former chapters. In the end of the present 
chapter, a two-dimensional model was presented for comparison with the three-
dimensional model serving as introduction to the two-dimensional methodology 
applied on the industrial application in the following chapter 7. 
 
 
6.6.1 Thermal Analysis 
 
For the evaluation of the three-dimensional numerical approach for modelling the 
flame cutting process, thermocouple measurements have been carried out within a 
distance of 20 mm from the edge being cut. The quantitative agreement is rather 
limited. The peak temperatures of the nearest points are calculated too high and the 
more distant points predict too low temperatures for the selected modelling 
approach with a moving constant temperature boundary condition of 1500°C. The 
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modelling procedure has been used, though, for the subsequent calculation of the 
initial stress distribution before welding.  
 
For the evaluation of the numerical approach for modelling the submerged arc 
welding process, calculated weld penetration profiles have been compared and the 
heat source model adjusted to experimentally obtained micro-samples as discussed 
in chapter 5. The temperatures in the base plate were compared to thermocouple 
measurements and good agreement was obtained in both test specimens welded in 
one and two passes, respectively. 
 
In the case of the two-dimensional approach, describing a cross section of the plate 
being welded in two passes, i.e. corresponding to a plane strain geometrical 
assumption, an equivalent good agreement was obtained between the calculated and 
measured temperatures. The weld penetration profiles of the two passes were 
predicted with a fair accuracy, the assumption regarding the neglected physics of 
the molten material in mind. 
 
 
6.6.2 Mechanical Analysis 
 
Neutron diffraction measurements were carried out in the centre of the plates in the 
through-thickness direction and in a path corresponding to the thermocouple 
measurements. Elastic strains as well as the corresponding stresses were evaluated 
along this path in three mutually orthogonal directions.  
 
The three-dimensional numerically calculated elastic strain state after flame cutting 
shows good agreement in general with the measurements. The tendency is very well 
captured but the calculated strain level seems too high and the peak zones close to 
the edges a little too narrow. The deviation in the level can be due to the estimated 
stress free state in the plates used when processing the elastic strains from the 
neutron diffraction measurements. The reason for the narrow peak zones can most 
likely be found in the discrepancy between calculated and measured temperatures in 
the vicinity of the flame cut edge. 
 
The subsequent numerically calculated structural response of welding in one pass 
shows that in order to capture the strain levels with the numerical model in general 
in the plates, the preceding stress state, in this case originating from the flame 
cutting, must be taken into account. The resulting stresses calculated and evaluated 
from the neutron diffraction measurements in the three directions agree well with 
respect to the general tendency and the shape of the curves. A deviation varying 
between 40 MPa and 100 MPa is seen for the stresses in the direction longitudinal 
to the weld, though. In the other two directions, a constant deviation of 
approximately 100 MPa is seen. The stress level in the through-thickness direction 
is expected to be close to zero, which is predicted with the numerical model. The 
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results of the neutron diffraction measurements yield an almost constant stress level 
of approximately 100 MPa in tension in the through-thickness direction. The reason 
for the deviation between measurements and the numerical analysis therefore most 
likely is to be found in the estimated stress free state in connection with the neutron 
diffraction technique.  
 
The plates welded in two passes yield generally similar agreement. An important 
difference is the consequence of the applied preparation procedures on the plates. 
The set welded in one pass has all four edges flame cut, whereas the set for welding 
in two passes has the edge of the original hot rolled plate as the rear edge opposite 
to the weld preparation. In this latter case, the results of the numerical model is 
practically independent of whether the initial stress state before welding is assumed 
zero or the stress state that follows from flame cutting is included. A deviation 
between measurements and calculations for the elastic strains in the direction 
longitudinal to the weld is seen in the plates from about 80 mm and out from the 
weld. This can be due to inadequate modelling of the initial stress field before 
welding, but the measuring points are scarce in this area and the exact shape of the 
measured strain curve hard to decide. This lack of measuring points does not exist 
in the other two directions and the agreement between measurements and numerical 
calculated strains are good, ignoring the constant deviation. 
 
The two-dimensional approach does not account for any internal build-up stresses 
or restraints as results of the moving heat source in the out-of-plane direction. No 
external constraints exist on the plates either implying that the structure is free to 
deform in-plane why the calculated stress levels in general are lower. As expected, 
with the unequal distributed out-of-plane load, the generalized plane strain model 
performed considerably better than a model applying the standard plane strain 
assumption. 
 
 
6.7 Future Development / Work 
 
The further work with the three-dimensional modelling approach of welding 
induced stresses should from an evaluation point of view, first of all deal with a 
quantitative assessment of the numerically calculated distortions introduced by the 
welding process. The plates could furthermore be subjected to a second 
measurement technique, e.g. the hole drilling strain gauge method, in an attempt to 
verify the experimentally obtained stress levels, and through that gain added 
knowledge of the performance of the numerical model. 
 
A factor, which has been paid little attention, is the mesh density and the impact on 
the predicted thermal as well as mechanical fields, with the last matter in general 
being of most concern. The adoption of an adaptive meshing approach will 
naturally also be an interesting matter in order to reduce the required computational 
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time. In that respect, the modelling of material behaviour through the material 
parameter’s temperature dependence is also of ongoing interest. The more linear the 
behaviour, the better the convergence. 
 
Where the three-dimensional model as presented here yields the least agreement, is 
in the case of stress calculations in the direction longitudinal to the weld when 
welding in two passes. If this cannot be explained with uncertainties in the 
measurements, most likely the reason must be sought in the modelling of the 
material behaviour. A combined kinematic and isotropic hardening model for the 
plastic behaviour may probably be the solution or more detailed descriptions of the 
transformation induced plasticity behaviours must be included, but this can easily 
lead to excessive calculation times without revealing any further information 
beyond what is already adequately determined residual stresses for a given purpose. 
 
Overall, means should be taken to apply the three-dimensional modelling of 
welding induced stresses on a larger and more complex structure than treated in this 
chapter, with the computational efficiency in mind. 
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CHAPTER 7 

ANALYSIS OF  
WELDED ENGINE  

FRAME BOX 
 
 
 
 
The objective of the project carried out in collaboration with MAN B&W Diesel, 
Copenhagen is to provide a better foundation for future designs of large two-stroke 
diesel engines involving welds in order to develop simple and reliable engine 
structures. Through numerical and experimental analyses, important knowledge of 
practical welding production and resulting effects on the mechanical behaviour of 
welded structures are sought. A key factor is the presence of residual stresses in the 
structure after welding, i.e. tensile or compressive stresses around weld toes and 
roots. Today, structures are post weld heat-treated, i.e. stress relieved after welding. 
This is a general procedure carried out in order to recover fracture toughness, 
relieve potential high tensile residual stresses, and ensure form stability of the 
structure. The latter receives consideration if high welding residual stresses are 
released under subsequent machining or when the engine is loaded in service.  
 
Development of simulation tools to estimate fatigue loads based on linear elastic 
fracture mechanics makes it possible to design lighter structures with lower welding 
costs without compromising reliability. Numerical modelling of the residual stress 
state in the area of the welds as presented in this thesis together with laboratory 
fatigue tests are used to evaluate the as-welded structure to determine if post weld 
heat treatment is necessary in relation to the weld root details. Large-scaled fatigue 
laboratory tests to determine precise fatigue resistance data have been initiated by 
MAN B&W Diesel in collaboration with Department of Civil Engineering, 
Technical University of Denmark. The fatigue assessment, experimental set-up and 
evaluation of results, are presented in section 7.5.  
 
If post weld heat treatment of the structure can be omitted, considerable savings in 
costs of production can be expected. It is therefore of great interest to get a better 
understanding of the influence from manufacturing process related stresses on 
cyclic loaded structures at a preliminary stage and hence to make numerical fatigue 
assessment of the structure possible prior to any test-production. One of the 
manufacturing processes giving rise to high residual stresses is welding. The ability 
to analyse welding induced stresses by means of numerical methods is therefore of 
decisive importance. 
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The project involving the residual stress evaluation and fatigue assessment of the 
welded MAN B&W Diesel engine structure has been carried out within the 
framework of the Nordic R&D project FE-Design 20001. The numerical welding 
residual stress analysis of the engine frame box is reported in Hansen [87] and 
rewritten for the present chapter of this thesis. The laboratory fatigue tests 
comparing the as-welded structure to the post weld heat-treated structure are 
reported in Viggo Hansen and Agerskov [88]. This work is presented in section 7.5 
together with a numerical evaluation of the fatigue resistance of the as-welded and 
post weld heat-treated structure. 
 
 
7.1 The Engine Part Considered 
 
The subject of the analyses is the crankshaft housing of an MAN B&W Diesel two-
stroke diesel engine of type S80MC-C, which is a super long stroke engine with a 
cylinder diameter of 800 mm and a stroke of approximately 3 meters. The 
crankshaft housing is a welded structure with plate thickness up to 50 mm and made 
of hot rolled carbon steel. A newly developed design of the so-called frame box has 
been introduced involving an open weld root seam. This design complicates the use 
of backing. The redesigned part concerns the guide bar on which guide shoes 
surrounding the crosshead bearing slides. A web-plate and two oblique plates 
forming a double triangular profile support the guide bar. Figure 7.1 illustrates how 
the frame box forms part of the diesel engine. 
 
The piston rod is connected to the connecting rod via the crosshead, converting the 
vertical oscillation of the piston to a rotation of the crankshaft. The crosshead 
bearings are surrounded by guide shoe pairs sliding against vertical guide bars, 
taking up the horizontal component of the combustion forces. The guide shoes are 
constantly supplied with oil, forming a hydrodynamic oil film between the moving 
guide shoe and the stationary guide bar. The guide bar is supported by oblique 
vertical plates, forming a triangular profiled section. Each frame box section 
separates two adjacent engine cylinders. The section is subjected to ‘out-of-phase’ 
moving horizontal loads from two crossheads, positioned in each cylinder. The 
phase depends on the firing angle between the two cylinders and differs from 
section to section. In addition to the uptake of horizontal forces, the frame box does 
also transmit the vertical force component from the combustion chambers to the 
crankshaft main bearings. 
 

                                                 
1 The Nordic R&D project is entitled: "Improved Usage of High Strength Steel by an Effective FE-
based Design Methodology for Fatigue Loaded Complex Welded Structures". The project was 
started in 1999 and involves 24 Nordic organisations from Sweden, Finland, Denmark, Iceland, and 
Norway. 
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FIGURE 7.1 Cross-section of a large two-stroke diesel engine, photography 
and solid CAD model illustrating how the frame box forms part 
of the engine structure. 

 
 
A typical engine has a lifetime of 30 years, operating approximately 6000 hours per 
year with 100 RPM, resulting in 109 revolutions on full design load. There are no 
significant transient loads on the structure from heating up and cooling down or 
from loading of the ship hull. The governing fatigue design loads on the framework 
are the cyclic forces from combustion and inertia of moving parts. As fatigue 
failures in service require very expensive off-hire of the ship or power station for 
repair, a high survival probability must be provided. The structure is thus designed 
for constant amplitude loading to resist infinite fatigue life.  
 
Figure 7.2 shows the "Hamburg Express" leaving the Port of Hong Kong, a 7500 
TEU container ship powered by a large two-stroke diesel engine. The engine is 
almost 15 metres high and 25 metres long. The dry mass of such an engine is more 
than 2000 tons. 
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FIGURE 7.2 7500 TEU container ship. Engine: 12 cylinders, bore 980 mm, 
stroke 2660 mm, 94 RPM and power 68640 kW / 93360 BHP. 
Dry mass of engine approximately 2150 tons. 

 
 
7.1.1 Production Procedure for Test Specimens 
 
The test specimens produced are full-scale sections corresponding to the real 
structure of the diesel engine investigated. The material is hot rolled carbon steel 
S275JR according to EN 10025. Two sections of 2.5 m length have been produced. 
The dimensions of this frame box part are sketched in Figure 7.3. 
 
The single-sided welds are marked A to 
D. Each weld is made up of a root pass 
with flux cored arc welding (Alloy rods 
T5, Ø1.2, AR/C02 82/18) and three cover-
passes made with semi-automatic 
submerged arc welding (OK AUTROD 
12.20 Ø3.0, OK FLUX 10.81/12.20).  
 
The welding sequence is as follows; the 
40 mm web plate is welded to the 60 mm 
guide bar forming a cross, hereafter all 
four root passes in the welds between the 
oblique plates and the web plate are made in the order from A to D. The time 
between each weld is noted for the numerical modelling of the heat transfer 
analysis. When all root passes are accomplished, each weld is filled with three 
passes and cooled off for several hours before the next weld is filled starting from 
A. Figure 7.4 shows workshop pictures from welding of the frame box sections. 
 

 
FIGURE 7.3   Sketch of frame box. 
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A "worst case" crack-like root geometry has been chosen in order to facilitate finite 
element modelling and calculation of the root geometry for the fatigue tests. 
Through careful preparation of welding parameters and machining of plates prior to 
fit-up, the fusion in the root was successfully made reproducible. Naturally, such 
homogeneous preparations could not be expected in a real production environment. 
The crack-like root geometry produced in all specimens is 5 mm in weld A and D 
next to the guide bar and 8 mm in weld B and C next to the web plate. The results 
presented in the following refer to one of each weld type, it being weld A and B. 
 
 

 
FIGURE 7.4 Flux cored arc welding; a) lined up and b) carefully monitored 

during welding. Submerged arc welding; c) lined up with 
thermo-couples mounted under tape cover and d) during run. 

 
 
One of the two frame box sections produced are subjected to post weld heat 
treatment in order to analyse the residual stress influence on fatigue strength from 
an as-welded structure compared to a stress relieved structure. Stress relieving is 
conducted by heating the section up to 600±20°C with a heating rate of 50°C per 

a 

b 

c 

d 
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hour and a cooling rate of 100°C per hour. The dwell-time at maximum temperature 
is 2.5 hours. This procedure is denoted post weld heat treatment (PWHT). 
 
 
7.2 The Numerical Model 
 
The present frame box structure is by far much more complex compared to the butt-
welded plates discussed in the former chapter. Therefore, a similar three-
dimensional model capturing all the deformation effects from welding would 
become so computational comprehensive that it is unusable for practical purposes. 
A two-dimensional approach must therefore be applied and with the geometry of 
the frame box considered, the approach must have its basis in the generalised plane 
strain assumption. 
 
As discussed in connection with the two-dimensional model of the butt weld 
application in chapter 6, the geometrical approximations made, when a two-
dimensional numerical approach is applied, must be considered in the thermal and 
mechanical analysis, respectively. The large dimensions of the plates relative to the 
size of each weld pass in the engine frame box application compared to the butt 
weld application, point towards the thermal boundary conditions being of even less 
influence compared to the conduction in the plates. Therefore, the omission of 
conduction in the direction longitudinal to the weld can be expected to have larger 
impact on the thermal analysis of the engine frame box compared to the butt welded 
plates. With respect to the mechanical analysis, the butt weld application is totally 
unconstrained. In contradistinction, the frame box structure is to a large extent self-
restrained during the complete welding process partly due to the stiffness of the 
heavy plate dimension used, but particularly as a consequence of the tag welds. The 
cross section for the two-dimensional model is assumed positioned where a tag 
weld is made, resulting in considerably in-plane constraining of the structure. 
Consequently, distortions in the modes not captured by a two-dimensional 
assumption can be assumed small, whereas welding of large unrestrained structures 
is more likely to cause significant distortions in all three directions.  
 
Because of the highly unequally distributed thermal load applied in the mechanical 
analysis across the plane considered, and due to the fact that the constraining of the 
structure is changed in-plane as the welds are accomplished, a generalized plane 
strain model is expected to yield the most correct results for the problem applying a 
two-dimensional assumption. The model is also expected to yield better results than 
in the case of the butt weld application exactly because of the higher degree of in-
plane constraining. 
 
The two-dimensional numerical model is shown in Figure 7.5. The model consists 
of 6220 four-node linear generalized plane strain elements with a total of 6592 
nodes. To this come a number of contact elements used for the contact pressure-
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overclosure model in the predefined root crack slit. It is defined as a “hard” self-
contact model. That is, the slave and master surface are the same and defined by the 
elements on both sides of the crack slit. When in contact, any pressure can be 
transmitted between the surfaces and they separates if the pressure reduces to zero. 
 
Each weld is divided in four groups each representing one weld pass. In this way, 
weld filler can be added corresponding to the individual weld pass. The geometry of 
each weld pass is estimated from micro-samples of the welds. A precise modelling 
of the shape of each weld pass is not necessary in order to obtain correct 
stress/strain fields in the global structure, but a geometrical and positional variation 
of the individual weld pass in the weld will influence the local temperature fields. 
This is also discussed in a following section in connection with the actual geometry. 
 

 
FIGURE 7.5 The finite element geometry of the frame box model. Root errors 

(the crack slits) are predefined with a self-contacting slit 
between two element surfaces. Weld filler shown modelled after 
micro-samples, see section 7.4.1. 
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7.3 Experimental Set-Up and Measurement Techniques 
 
With the purpose of validating the thermal and mechanical numerical analyses, 
respectively, experimental measurements of temperatures and residual stresses have 
been carried out. However, previous to these rather expensive experiments, a 
preliminary numerical model was made to estimate temperature and stress 
distribution in the structure. From these calculations, the positions for temperature 
and especially strain measurements were evaluated. In the following, the 
experimental set-up and methods are briefly described. 
 
 
7.3.1 Temperatures – Thermocouple Measurements 
 
The transient temperatures during welding were measured in a number of 
measuring points as function of distance to the weld along the oblique plates. 
Thermocouples are used of type "K", i.e. Chromel-Alumel wires and a Nickel alloy 
sheath. The diameter is 1.0 mm and the maximum temperature possible to measure 
is approximately 1200°C. The instrumentation is illustrated in Figure 7.6. The 
thermocouples are placed in the centre of the plate thickness, but measurements 
both near the inside and outside surface were also carried out to evaluate the effect 
on temperatures of the reduced thermal convection on the inside surface of the 
plates due to the closed triangular space. 
 
 

 
FIGURE 7.6 Thermocouple instrumentation. 

 
 
The thermocouple nearest the weld was placed at a distance of only 4 mm from the 
edge of the weld preparation. At this distance the maximal temperature measured 
was approximately 730°C at the guide bar weld and nearly 600°C at the web plate 
weld. More on this later. 
 



C H A P T E R  7 .  A N A L Y S I S  O F  W E L D E D  E N G I N E  F R A M E  B O X  

123 

7.3.2 Residual Strains/Stresses – The Hole-Drilling Strain Gauge Method 
 
The residual stress state in the frame box is evaluated experimentally by means of 
the semi-destructive Hole-Drilling Method. This is a strain-gauge technique 
applicable for determining residual stresses near the surface of isotropic materials. 
The procedure is standardised with the American National Standard Test Method 
E837, ASTM [89], and is outlined in the following. 
 
The method is termed “semi-destructive” because the damage that it causes is very 
localised and in many cases does not significantly affect the usefulness of the 
structure investigated. Naturally, the method implies that a small shallow hole has 
to be drilled and this must be judged in every single case whether it becomes of 
practical importance. 
 
The procedure of the method is as follows; a strain gauge rosette with three or more 
elements is attached to the area under consideration; a centring tool is mounted over 
the measuring point and a hole with a diameter of 2 mm is drilled with a high-speed 
drilling machine (300,000 RPM) to a depth of about 0.4 of the mean diameter of the 
strain gauge circle; hereby the residual stresses in the area surrounding the drilled 
hole relaxes and the corresponding relieved strains are measured. With this 
procedure the relief of strain is nearly complete. By assuming that the variations of 
the original stresses within the boundaries of the hole are small and that the 
variation with depth is negligible, it is possible to calculate the maximal and 
minimal principle stresses and their orientation from the relieved strains measured 
with the three strain gauge elements accurately arranged e.g. as illustrated in Figure 
7.7. 
 
 

 
FIGURE 7.7 Types of Hole-Drilling Strain Gage Rosettes, ASTM [89]. 
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Different types of strain gauge rosettes exist. In general, type A as shown above is 
used for the experimental measurements of the residual stress state in the welded 
frame box section. The type B strain gauge rosette can be used with advantage in 
areas close to obstacles as e.g. the fillet radius between the guide bar and one of the 
oblique plates or places the like where a dimensional transition occurs. 
 
The tool holder with the drilling machine is shown in Figure 7.8 mounted on one of 
the test specimens. The principle of the device for centring the tool is also 
illustrated with both (a) the microscope for precise focusing and (b) the drilling 
machine set up in the fixture. 
 
 

 
FIGURE 7.8 Left: Tool holder mounted with drilling machine.  
  Right: Device for centring microscope and drilling tool. 
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7.4 Measurements, Comparisons and Evaluation 
 
As previously mentioned, a detailed description of the temperature fields in the 
vicinity of the weld is not necessary in order to calculate global strain and stress 
fields, but the numerical model must capture the thermal history of the structure 
sufficiently. The following discussion of the temperature measurements in 
comparisons with the thermal numerical analysis covers this consideration. The 
strain and stress fields from the mechanical numerical analysis and the results from 
the experimental measurements are evaluated against one another and discussed in 
relation to fatigue assessment of the structure. 
 
 
7.4.1 Temperatures 
 
In the preliminary numerical model, 
the weld filler was assumed to be 
deposited like illustrated in Figure 
7.9. For a measuring point in the 
centre of the plate relatively close 
to the weld, a difference in the 
actual deposition of filler in the 
weld can lead to large variations of 
the temperature measured. Further 
away from the weld, this 
geometrical variation in heat input 
has less effect on temperature.  
 
After the test specimens have been produced, micro-samples of the welds were 
made to evaluate the weld penetration profiles. From this, a new model for the 
numerical analysis was specified. This is shown in Figure 7.10. 
 
 

 
FIGURE 7.10 Left: Example of micro-sample used to evaluate weld penetration 

profile. Right: The modified finite element model. 

 
FIGURE 7.9 Preliminary modelling 
  of the weld filler. 

Weld A Weld B

Weld A Weld B

Weld 
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FIGURE 7.11 Temperature fields. Upper left: Weld A, root pass, FCAW, weld 

metal just solidified. Upper right: Weld A, first cover pass, SAW, 
0.5 sec. after the filler is deposited. Lower left: Weld B, root 
pass, FCAW, 0.4 sec. after the filler was deposited. Lower right: 
Weld B, last cover pass, SAW, weld metal just solidified. 

 
 
Even though the shape of each layer of filler material in the weld groove has been 
predefined this way in the model based on experimental micro-samples, the 
calculated temperatures still differ for a measurement point close to the weld 
compared to experiments. This can be explained by the omission of the physics 
acting in the weld pool. One of the characteristics for the submerged arc welding 
process is the high amount of base material in the melt. The flux powder naturally 
serves to protect the weld pool and the electrode from atmospheric contamination 
but it also picks up spatter and returns it to the weld pool. This implies that 
submerged arc welding can be used with much higher current than other welding 
processes with high arc pressure and hence large weld penetration as a 
consequence. This mechanism is neither possible nor necessary to capture with the 
present model, but for related uses of the method where a better description would 
be preferable, better weld penetration profiles can be obtained by adding an amount 

Weld A Weld A

Weld B Weld B

MELT 

MELT
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of the arc energy as a flux per volume in the melted base material. In the following, 
the results for the present model is presented and commented. 
 
Figure 7.11 shows selected temperature fields from the analysis. In order to estimate 
weld penetration profiles, the region exposed to temperatures higher than the 
melting point of the material is identified from such temperature fields during the 
whole welding cycle; deposition of filler material, additional heating from the 
source and conduction of energy away from the weld. Typically, the maximal 
melted zone is found 0.4 - 0.6 seconds after the heat source no longer affects the 
specific cross-section. 
 
Figure 7.12 shows the weld penetration profiles obtained in this manner with the 
modified finite element model of the weld filler as described in Figure 7.10.  
 
 

 
FIGURE 7.12 Micro-samples of welds with overlay of numerically calculated 

weld penetration profiles and heat-affected zones. 
 
 
In Figure 7.13, comparisons of calculated and measured temperatures during 
welding of weld A are shown. Temperature curves in two points are mapped; point 
105 and 109 approximately 13 mm and 58 mm from the edge of the weld 
preparation respectively, see Figure 7.6 for location of measuring points. 
 
As seen, the tendency is correct but the numerical model seems to predict 
systematically lower temperatures. This could either be due to disparities of the 
point location in which the temperatures are measured and calculated. Especially 
close to the weld, as for point 109, the temperature gradients are very high and only 
a minor variation in distance gives rise to large changes of the maximal temperature 
obtained in that point. The disparities can also be due to mismatching material 
properties between the modelled material and the properties of the actual steel used 

Weld B Weld A 
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in the production of the test specimens. The numerical analysis will respond with 
too low temperatures if higher heat capacity is assumed in the model as compared to 
the real material. 
 
The temperature fields calculated with the numerical model could be in better 
agreement with the measured temperatures, but most important for the subsequent 
mechanical analysis is that a qualitative agreement exists, giving the relative 
temperature distribution in the structure with good agreement and this is 
accomplished with the present model. Also, one should bear in mind that this is a 
two-dimensional model of a three-dimensional problem with the extra assumptions 
needed for this approximation. 
 
 

 
FIGURE 7.13 Comparisons of calculated and measured temperatures during 

welding of weld A. Two points are considered. 
 
 
 
 
 
 

 Temperatures at  
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  from edge of weld 
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2. SAW 3. SAW 
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3. SAW 

Temperatures at point 105
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edge of weld 
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7.4.2 Strains and Stresses 
 
The strain gauge measurements were carried out in several locations on the surface 
of the structure concentrated around weld A and B. In the following Figure 7.15, 
three sets of measurements on the as-welded structure are compared to the 
numerically obtained stresses. The location of the measurement series on the 
structure is indicated in Figure 7.14 together with the triads representing the 
direction of the stresses compared in each series. 
 

 
FIGURE 7.14 Locations of the strain gauge measurement series and the 

direction of the stress components.. 
 
 
The numerical model is specified in a coordinate system corresponding to that of 
e.g. series #3. To reflect the stress state in series #2 and #3, the calculated stresses in 
the Cartesian coordinate system are subjected to a coordinate transformation 
involving directional cosines. 
 
As seen on Figure 7.15, a qualitatively good agreement exists between 
measurements and calculated stresses in all three series (#1, #2 and #3). It is 
noticeable that the calculated residual stresses in direction 3 corresponding to the 
longitudinal direction in relation to the weld are generally higher than measured. 
This is opposite to the stresses in the other direction examined where the strain 
gauge measurements generally show higher values. At least two possible reasons 
exist for this general tendency. 
 
First, the numerical analysis is based on a two-dimensional plane strain assumption 
that tends to over-constrain the structure in the out-of-plane direction even though a 
generalised plane strain assumption is adopted, incorporating the extra degrees of 
freedom this method allows. Secondly, the strain gauge measurements have been 
carried out on a 180 mm wide piece of the 2.5 m frame box section (original 
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measurements carried out on the full section failed and the structure was cut out by 
mistake before this was realised). This cutting will redistribute and to some extend 
release the high longitudinal stresses. In order to evaluate how far from the cut edge 
this has an effect on the stresses, a series of measurements in a certain distance 
parallel to the weld has been accomplished on the oblique plate next to weld A. 
Figure 7.16 shows the stresses measured from the centre of the 180 mm thick 
section at 90 mm outwards to the edge. As expected, the stresses decrease closer to 
the edge, but a constant level in the centre of the plate cannot be observed indicating 
that the stress release has had an effect all through the 180 mm section. 
 
 

 
FIGURE 7.15 Strain gage measurements and numerical calculations of residual 

stresses on the as-welded frame box structure. The three series 
are located as indicated in Figure 7.14. 
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Another consideration in the evaluation of the strain gauge measurements is the fact 
that this measuring technique is only suitable for stress ranges up till approximately 
70% of the yield stress and if absolute stress values with good accuracy is preferred, 
50% of the yield stress should not be exceeded in the material under inspection. In 
the present case, several measurements lie close to the yield stress, still showing the 
same tendency as the numerically calculated stresses, but it is also in these areas the 
largest discrepancy is seen. 
 
 

 
FIGURE 7.16 Residual stresses measured from the centre of a 180 mm thick 

section outwards to the edge. 
 
 
As indicated in Figure 7.14, a series #4 was made on the cut plane of the section 
across the guide bar. The residual stresses measured here were expected to be 
influenced by the slow running band saw but on the other hand in a relative low and 
homogeneous stress area where the measuring technique should yield good results. 
Figure 7.17 shows the comparison between measured and calculated stresses. If the 
deformation pattern from the numerical analysis of the structure is considered as 
shown in Figure 7.18, a bending moment of the guide bar can be expected leading 
to tensile stresses at the running surface and compressive stresses at the surface 
against the web plate and the oblique plates. This is confirmed by the measurements 
in Figure 7.17, indicating that the slow running band saw has only little effect on 
the residual stresses that can be measured by the Hole-Drilling Strain Gauge 
method.  
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FIGURE 7.17 Strain gage measurements and numerical calculations of 

residual stresses on the cut plane of the frame box section across 
the guide bar. 

 
 

 
FIGURE 7.18 The deformed structure as calculated, shown with a deformation 

factor of 20. 
 
 
One of the main purposes with the numerical analysis is to evaluate the stress state 
around the weld toes and roots. The above comparisons of experimentally and 
numerically obtained mechanical stress fields together with engineering experience 
give a strong indication of the numerical model yielding correct estimates of the 
residual stresses from welding in the structure. Therefore, calculated contour plots 
of the stress state perpendicular to the predefined root errors are expected to show a 
stress state in agreement with the actual stress state in the test specimens. Such 
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contour plots are presented for weld A and B in Figure 7.19 (see also Figure 7.5 for 
illustration of predefined root errors). In both welds, the crack slit is in compression 
due to tensile stresses in the weld. This is a favourable stress distribution from a 
fatigue resistance point of view.  
 
 

 
FIGURE 7.19 Contour plots of the stress state calculated perpendicularly to 

the root error. In both welds the “crack” is in compression due 
to tensile stresses in the weld. 

 
 
 
7.5 Fatigue Assessment 
 
International Institute of Welding, IIW, recommends the use of fatigue threshold 
values for steel, taking all stresses including residual stresses from production into 
account. When the frame box design was developed, knowledge about the residual 
stresses was lacking. To ensure high reliability, the joints were designed with a 
conservative assumption of high tensile residual stresses from production. This 
decision has been costly as the endurance limit is 1/3 of that of a stress-relieved 
material. 
 
The V-groove detail with an open root is not well described in any fatigue design 
codes, in terms of the nominal stress approach. As the geometric stress method (hot 
spot) does not apply to root defects, it is necessary to evaluate the details by use of 
more refined techniques as either effective notch stress or linear elastic fracture 
mechanics (LEFM). Fatigue assessment with LEFM requires strong FEA tools to 
calculate the fatigue action (loading) in terms of fracture mechanical parameters 
described below. 
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7.5.1 Assessment Procedure – LEFM in Outline 
 
A basic concept in linear elastic fracture mechanics is to describe the singular 
stress-strain field around the crack tip by means of stress intensity factor ranges for 
the three modes: opening, in-plane shear and out-of-plane shear. Crack propagation 
is assumed to follow the Paris power law 
 

 0
mda C K

dN
= ⋅∆  ,  if thK K∆ < ∆  then 0da

dN
=  (7.1) 

 
where C0 and m are material parameters and ∆K is the cyclic stress intensity factor 
range. If ∆K is lower than a material threshold value ∆Kth, crack growth will not 
appear and the structure will sustain infinite life. By modelling a ‘worst case’ initial 
root crack geometry, the factor for mapping test rig loading (force in Newton) to 
fracture mechanical parameters (stress intensity factor, MPa√m) can be calculated. 
 
Although the LEFM approach is straightforward, an important factor to consider, is 
the residual stresses in the detail. The effect of residual stresses is similar to that of 
static mean stresses from external loading. The material resistance, ∆Kth is 
dependent on the effective stress ratio, Reff taking external loading and residual 
stresses into account. In absence of high tensile residual stresses or in a stress 
relieved structure, only the tensile part of the cyclic ∆KI range is considered to be 
damaging in the low stress regime. Compressive residual stresses may even 
eliminate the tensile part of the cyclic ∆KI range. 
 
 
7.5.2 Experimental Set-up 
 
For the experimental fatigue tests, the 2.5 m long frame box section is cut in 90 mm 
pieces using a slow running band saw. This will naturally disturb the as-welded 
residual stress field to some extent. A general rearrangement of the stress state at 
the cutting plane is inevitable with the longitudinal stresses being relieved and the 
in-plane residual stresses being redistributed to some extent. In how much of the 
material from the cutting plane in the 90 mm test specimen this rearrangement will 
take place, and how it will affect the fatigue strength is uncertain, but with the 
overall agreement between the experimental measurements and the numerical 
model of the residual stress state in mind, this is not expected to have significant 
influence on the fatigue behaviour. As for the stress relieved frame box section, the 
cutting process will obviously induce new stresses, but these are negligible with 
reference to the discussion in connection with Figure 7.17. 
 
All fatigue tests have been carried out with single actuator test rigs. Generated 
mixed mode loading is in-phase proportional, which describes the engine loading 
correct in weld A but is inadequate to describe the out-of-phase loading of weld B. 
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FIGURE 7.20 Fatigue test arrangements;  
 a) Pure opening mode loading in a 100 kN Instron rig.  
 b) Mixed mode loading similar to real engine loading in a 500 

kN Instron rig. Constant amplitude loading at approx. 10Hz. 
 
 
Figure 7.20 shows the two test arrangements used in this project. 7.20a is a pure 
opening mode load, pulling the oblique plates transverse to the actual engine load 
direction. Transverse loading requires approximate 1/10 of the force used in 
longitudinal loading to generate same stress intensity factor level. Longitudinal 
loading in arrangement 7.20b is used to simulate the real engine mixed mode 
loading. 
 
Each root is instrumented with crack propagation gauges (20 conducting grids with 
internal distance of 0.25 mm on a single backing indicate accurately the rate of 
crack propagation on the first 5 mm). Crack propagation gauges are effectively used 
to find the growth threshold and monitor each root during the fatigue test. 
 
In arrangement 7.20a, the gripping tool is mounted in the centre of gravity, loading 
weld A 50% more than weld B, resulting in initial fracture of weld A. 
 
 

a b
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7.5.3 Measurements, Comparisons and Evaluation 
 
Figure 7.21 shows results from the pure opening mode fatigue test on as-welded and 
PWHT specimens with external load ratio Fmin/Fmax = Rext = 0. The curves represent 
the cycles as function of load. Each point marks fracture of a test specimen. Points 
marked with an arrow indicate no crack growth except initial fracture of a few 
gauge grids deliberately placed across the slit. 
 
 

 
FIGURE 7.21 Cycles as function of the load on the as-welded and post weld 

heat-treated structure. 
 
 
The test rig force range was fixed through each test, regardless of increased 
flexibility of the structure as crack growth occurred. In the chart, the external load 
variation is expressed as stress intensity factor range numerically calculated from 
the initial specimen geometry. This is done by using facilities for fracture 
mechanics available in ANSYS. A two-dimensional model is made with the crack 
region modelled as described in the documentation for ANSYS [90]. By loading 
this model with 1 kN corresponding to the load direction and origin of the force 
applied in the experiments, equivalent stress intensity factors for the three basic 
modes of fracture are given as results from ANSYS. For the pure opening mode 
load, KI, this factor results in 1 kN corresponding to 0.79 MPa√m, i.e. a threshold 
found with a load range of 24 kN for the as-welded specimens is plotted as 19 
MPa√m in the chart. 
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In few specimens, the test stopped with complete failure in weld B, but in all cases 
weld A had already cracked through the gauges that covered propagation through 
the first 5 mm and further 50-60% of the plate thickness. 
 
Table 7.1 summarizes results from the fatigue tests. The as-welded series shows 
significantly higher fatigue resistance than the PWHT series. The PWHT series 
threshold value of 8.7 MPa√m for Reff = 0 is typical for FE & NI alloys with 
threshold values in the range of 6-12 MPa√m. The IIW recommendations, 
Hobbacher [91], specify a ∆Kth = 6.0 MPa√m with Reff = 0. From residual stress 
measurements on the PWHT specimens, it has been verified that the weld residual 
stresses are lower than 15 MPa on the toe side of the oblique plates, which indicates 
a very efficient stress relieving procedure also for the root. The reciprocal of the 
PWHT curve slope2, m = 3.2, from the ‘∆K-N’ curve in Figure 7.21 is also 
comparable with the IIW recommendations of 3. 
 

Transverse load 
Rext = 0 

Reciprocal slope, m
(∆K -N estimate) 

∆KI,threshold 
[MPa√m] 

as-welded 4.7 19.0 (~24 kN) 
PWHT 3.2  8.7 (~11 kN) 
TABLE 7.1 Fatigue test results, as-welded versus PWHT. 
  Transverse loading, external stress ratio Rext = 0. 

 
 
It is inferred from the fatigue tests in conjunction with the numerical calculated 
stress distribution shown in Figure 7.19 that the higher fatigue resistance of the as-
welded series is due to favourable compressive residual stresses in the root. The as-
welded structure can resist a threshold value of 19.0 MPa√m ÷ 8.7 MPa√m = 10.3 
MPa√m more than the PWHT structure. It corresponds to an additional load of 13 
kN without failure at infinite life. 
 
In order to make a quantitative estimate of this gain in fatigue resistance based on 
the numerical analysis, the numerical model is subjected to a loading condition 
corresponding to that of the test rig, Figure 7.22. The model with the resulting stress 
distribution from the welding analysis is used as the as-welded structure. It is then 
presupposed that as long as the tip of the root error is in compression the crack 
cannot propagate in to the weld. By increasing the load until the tip of the root is in 
tension, an expression for the extra load carrying capacity of the as-welded structure 
for this to be in a similar condition as the PWHT structure is found. Obviously, this 
implies that everything else is constant which is not perfectly the case, but an 
acceptable assumption in the present case. 
                                                 
2 The slope of the ‘∆K-N’ curve is usually termed b after Basquin, a prominent worker who first 
proposed the law that the relationship between alternating force/stress and number of cycles to 
failure can be described by a straight line when plotted on log-log scales. 
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FIGURE 7.22 Load and constraining of the numerical model corresponding to 

the test rig set-up. 
 
 
Figure 7.23a shows residual stress distribution in weld A after welding and before 
any load is applied. This is similar to Figure 7.19 but the scale is changed 
representing all compressive stress areas in dark blue.  
 
 

a 
 
 

b 
 
 

FIGURE 7.23 Weld A. a) stress distribution after welding, no loading.  
 b) loaded with 12 kN / 90 mm as indicated in Figure 7.22. 

 
 
Figure 7.23b shows the stress contours when the structure is loaded with 12 kN per 
90 mm. At this load, the stresses across the root error tip is only just changed from 
compressive to tensile stress. This indicates that the as-welded specimen is able to 
carry an extra load of 12 kN compared to the PWHT specimen. This can be related 
to the experimental fatigue tests, were this value was found to 24 kN (as-welded) ÷ 
11 kN (PWHT) = 13 kN, Table 7.1.  
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7.6 Chapter Summary and Conclusions 
 
A frame box structure forming part of the crankshaft housing of a MAN B&W 
Diesel two-stroke diesel engine, has been investigated with regard to the residual 
stress distribution from the welding process. The purpose of the analysis was to 
assess the influence of the stress state in the weld region on the fatigue strength of 
the structure. Both experimental and numerical analyses have been carried out. 
 
Two full-scaled frame box sections have been produced for the experimental 
measurements and subsequent laboratory fatigue tests. The welding procedure for 
the four welds includes root passes welded by FCAW and cover passes welded by 
SAW. The temperature measurements have been carried out with thermo-couples 
attached during welding. The residual stress field has been measured with the Hole 
Drilling Strain-Gauge Method. 
  
A two-dimensional numerical model for the analysis of welding residual stresses 
has been suggested involving a sequential thermal and mechanical calculation. 
Characteristics such as multiple welds, welding sequence, filler material etc. have 
been incorporated in the model, which is implemented in the finite element 
programme ABAQUS. 
 
 
7.6.1 Thermal Analysis 
 
The numerically calculated weld penetration profiles have been compared to 
experiments and the numerical model has been accommodated to match these 
adequately, and calculations on this basis are made. 
 
Comparisons of temperatures calculated and measured during welding show very 
much the correct tendency, but the numerical model predicts systematically lower 
temperatures. This could be due to the fact that the two-dimensional assumption on 
which the model is built, does not account for the out-of-plane conduction in the 
heavy plate sections, or that the heat effect from the moving heat source has not 
been adopted correctly in the model. But more likely, the reason is to be found in 
discrepancies of the measuring point locations and/or mismatching material 
properties between the modelled material and the properties of the actual steel used 
in the production of the test specimens. 
 
Nevertheless, the agreement is estimated to be adequate for the subsequent 
mechanical analysis, since a good qualitative accordance of the temperature distri-
bution exists between the experimental measurements and the numerical analysis. 
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7.6.2 Mechanical Analysis 
 
Strain gauge measurements have been carried out on the surface of the structure 
near the welds. Comparisons between these measurements and numerically 
calculated stresses yield qualitatively good agreements.  In general, the calculated 
residual stresses in the longitudinal direction in relation to the weld are higher than 
those measured and vice versa for the stresses in the direction perpendicular hereto. 
Possible reasons for this discrepancy can be the two-dimensional generalized plane 
strain assumption that tends to over-constrain the structure in the out-of-plane 
direction, though it is a far better approximation compared to the standard plane 
strain assumption. Another probably more likely reason is the fact that the strain 
gauge measurements have been carried out on a 180 mm wide piece cut out of the 
2.5 m frame box section resulting in a redistribution and release of stresses to some 
extent. 
 
The numerical predicted deformation pattern is in accordance with the expected 
deflection of the structure. The stress distribution in the vicinity of the weld and 
crack slit shows that stresses in compression exist across the slit and tensile stresses 
are present in the weld, in general. This is a favourable residual stress state that 
most likely can be left as is, from a fatigue resistant point-of-view. 
 
 
7.6.3 Fatigue Assessment 
 
It is concluded from the laboratory fatigue tests of the frame box structure that the 
as-welded structure has a doubled fatigue strength compared to a similar stress 
relieved specimen. The compressive stresses present in the root details after welding 
are build up due to shrinkage of subsequent welds thereby compressing the structure 
in the transverse direction. This compressive protection gives the higher fatigue 
resistance compared to the stress relieved specimen. This is a case where the 
welding residual stresses can be used in a positive way.  
 
The gain in resistance with the as-welded structure compared to the post weld heat-
treated structure is predicted by numerical analysis with good quantitative 
agreement though a quite simplified numerical test method for this purpose has 
been applied. 
 
As engines already in service are designed with an assumption of high tensile 
residual stresses in the roots, the results are very important for future cost down 
initiatives on the design. Without compromising reliability, it will be possible to 
reduce plate thickness and welding volume and possibly also omit post weld heat-
treatment. This will depend to which extend the structure exhibits satisfactory form 
stability in the as-welded condition. 
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7.7 Future Development / Work 
 
The further research and development of the engine frame and the numerical 
approach used for the calculations should deal with the numerical analysis and 
modelling of the response of the as-welded structure when loaded dynamically 
corresponding to the combustion and inertia forces from the moving parts. At first, 
the two-dimensional assumption should be used, but if this will not be adequate, a 
three-dimensional approach for modelling welding induced stresses has to be 
applied and here upon the numerical dynamic loading and fatigue assessment 
should be carried out in a traditional manner with respect to numerical fatigue 
analyses. 
 
The analysis of welding should obviously take the methodology presented in this 
thesis for three-dimensional modelling as starting point. Furthermore, in the 
upcoming release of ABAQUS, a new shell-to-solid coupling feature is introduced. 
This kind of commercial enhancements should always be looked for, especially 
with an industrial use in mind. The benefits of modelling selected sections with 
shells are evident in large welded structures. 
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CHAPTER 8 

CONCLUSIONS  
AND FINAL  

REMARKS 
 
 
 
 
Two main applications have been considered in this thesis. They have served each 
their different purpose. Submerged arc welding of a 60° single-V-groove butt-weld 
in mild steel plates has been investigated with regard to the macroscopic residual 
stress state of the structure after welding. The consequence of the initial stress 
distribution in the plates before welding has been of special consideration in this 
application. The cutting process for preparation of the plates is the main cause for 
the stress distribution in question. This has been determined by numerical analysis 
of the induced residual stresses after flame cutting, which is the process used for the 
preparation of the plates from the original hot rolled steel plate. The second 
application comprises a frame box structure, which forms part of the crankshaft 
housing of a large two-stroke diesel engine. The structure includes four welds, each 
of four passes. As in the case of the first application, it has similarly been 
investigated with regard to the residual stress distribution from the welding process, 
but did not include considerations on the preparation process induced stress state 
due to application-dependent geometrical constraining conditions. The purpose of 
the numerical analysis of this second application was to assess the influence of the 
residual stress state in the weld region on fatigue strength of a subsequent loaded 
structure, primarily through support of experimental observations. 
 
The principal numerical models presented for the two applications have been three-
dimensional and two-dimensional, respectively. The latter was based on the 
generalized plane strain assumption. Both of these applications have thoroughly 
been evaluated against experiments. Temperatures from thermocouple 
measurements, micro-samples of weld penetration profiles, strains/stresses from 
neutron diffraction as well as hole drilling strain gauge measurements, were 
compared. Before these applications and comparisons were presented in the thesis, 
literature survey, background description, material modelling and the principle of 
the moving heat source modelling were presented. 
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Chapter 3 covered the numerical analysis of welding in general terms. The various 
coupling effects between the physics acting in a welding application have been 
illustrated methodically. Many interactions have to be neglected in the modelling of 
welding induced stresses and these assumptions, e.g. neglecting fluid dynamics, 
plasma physics etc, have been introduced. Residual stresses can be classified as 
microscopic, related to microstructures, or macroscopic, related to thermo-
mechanics. The latter is the focus of this thesis and has been discussed with respect 
to welding. In general, the last material to cool will develop stresses in tension and 
the surrounding colder material will respond with stresses in compression. This has 
been clarified by the Satoh Test and a qualitative description of the stress 
development in welded structures.  
 
Furthermore, a short general introduction to numerical methods and the geometrical 
considerations and possible assumptions when analysing welded structures, have 
been given. For the applications analysed in the present thesis, the finite element 
method has been appropriate either as a full three-dimensional model or by adopting 
the plane strain / generalized plane strain formulation. 
 

- 
 
Chapter 4 covered the thermo-mechanical modelling in the context of welding. The 
governing equations for the sequential thermal and mechanical numerical analysis 
were outlined and the boundary conditions were treated with respect to welded 
structures. However, the main considerations in that part of the thesis concerned the 
material modelling. 
 
An adequate material behaviour must be adopted in the numerical model through 
appropriate specification of material parameters. The temperature dependency of 
the material properties must in general be carefully judged to avoid extreme 
property variations, which will lead to poor convergence. As regards the thermal 
properties, the specific heat as function of temperature was smoothed, especially 
around the austenite decomposition temperature. The thermal conductivity was 
artificially increased over a relative wide temperature range to reach approximately 
a factor of three above the liquidus temperature. Among the most important of the 
material properties in relation to analyses of welding induced stresses, is the 
coefficient of thermal expansion acting as the link between the thermal load and the 
mechanical response. This was also modelled rather smooth with respect to the 
temperature dependence and was modelled constant above 700°C, i.e. the influence 
of the austenite decomposition was disregarded, which proved adequate for the 
present applications. Considering the traditional mechanical material properties, the 
yield strength and Young’s modulus were modelled as decreasing with increasing 
temperatures, again ensuring a smooth course. 
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Chapter 5 covered the heat source modelling. The characteristics of the heat source 
in welding applications have been described and the commonly applied principles 
of modelling the moving heat source were presented. Hereafter, the methodology 
applied to the three-dimensional finite element model for welding as well as the 
preceding flame cutting were discussed. The model for the latter consists in a 
moving constant temperature boundary condition approximated with a surface flux 
through a high heat transfer coefficient. The model for welding comprises filler 
material being added at a predefined temperature well above the liquidus 
temperature while the remaining energy supplied via the welding torch is added as a 
combination of a body flux and a surface flux with a constant intensity transverse to 
the weld. The energy distribution of the latter was adjusted to the present welding 
process through comparisons with experimental observations. 
 

- 
 
The two applications were finally discussed in chapter 6 and chapter 7, 
respectively. Specifically about the two applications considered, the following can 
conclusively be summarised. 
 
 
8.1 Butt Weld - Three-dimensional Model 
 
A methodology for three-dimensional modelling of welding induced stresses has 
been presented. Thermal as well as structural evaluations through comparisons with 
experiments have been carried out. 
 

- 
 
The significance of taking into account the stress state in the structure before 
welding has been proven in the case of one-pass welding where all four edges of the 
plates have been flame cut. 
 
For this, a thermal analysis of the flame cutting process has been carried out. 
Comparisons with thermocouple measurements showed a rather limited agreement, 
but the subsequent mechanical analysis yielded fair agreement with the strain/stress 
measurements carried out by means of the neutron diffraction technique and as 
such, it was used as initial stress condition for the analysis of the residual welding 
stresses. 
 

- 
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For the evaluation of the numerical approach for modelling the submerged arc 
welding process, weld penetration profiles have been compared and the heat source 
model adjusted to experimentally obtained micro-samples. The temperatures in the 
base plate were compared to thermocouple measurements and good agreement was 
obtained for both one- and two-pass welding. 
 
The subsequent numerically calculated structural response of welding in one pass 
agreed well with respect to the general tendency and the shape of the curves 
compared to the strains and resulting stresses calculated and evaluated from the 
neutron diffraction measurements. A difference in the general level was found 
varying between 40 MPa and 100 MPa for the stresses in the direction longitudinal 
to the weld and being constant approximately 100 MPa in the other two directions. 
This was believed to be due to the estimated stress free state of the plates needed in 
connection with the neutron diffraction technique. 
 
The plates welded in two passes showed in general similar agreement. An important 
difference found, was the consequence of the difference in preparation of the plates. 
In the case of two-pass welding, the rear edge of the plate was left as the edge of the 
original hot rolled plate. The stress effect on the plates from flame cutting of the 
weld preparation had vanished from the two welding passes. Hence, the welding 
induced residual stresses were practically independent of whether the initial stress 
state before welding was assumed zero or the stress state was taken as that resulting 
from flame cutting. 
 

- 
 
In general, the model yields good prediction of the residual stress state after 
welding. To a large extent, it thus includes the necessary considerations concerning 
material modelling and boundary conditions. Emphasize has been given to 
smoothen the non-linear material effects etc., but this has not been utterly 
investigated. The methodology can be used for multi-pass welding though, in the 
present form this results in a computational rather comprehensive model. 
 
The three-dimensional model is applicable for structures for which the numerical 
model can be restricted to a limited number of finite elements in order to keep the 
CPU-time on an acceptable level. The simplicity of the heat source model and the 
principles of the three-dimensional methodology in general, can conveniently be 
used in large structures as basis for a local model coupled with shell elements to a 
so-called local/global model, though some considerations regarding efficiency are 
required. 
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8.2 Welded Engine Frame Box - Two-dimensional Model 
 
A two-dimensional numerical model for the analysis of welding induced residual 
stresses in a multiple multipass welded application has been suggested. The model’s 
ability to predict the residual stress distribution after welding has been evaluated 
against measurements. 
 

- 
 
Comparisons of temperatures calculated and measured during welding show very 
much the correct tendency, but the numerical model predicts systematically lower 
temperatures. This is probably due to discrepancies of the measuring point locations 
and/or mismatching material properties between the modelled material and the 
properties of the actual steel. The reinforcement of each weld pass has been 
adjusted against experimental obtained micro-samples. The calculated weld 
penetration profiles showed fair agreement, the adopted assumptions in mind. 
 

- 
 
Comparisons of hole-drilling strain gauge measurements, carried out on the surface 
of the structure, and numerically calculated stresses showed qualitatively good 
agreements. The calculated residual stresses in the direction longitudinal to the weld 
were higher than those measured and vice versa for the stresses in the two 
perpendicular directions. The reason can probably be found in the fact that the long 
frame box section has been cut in 180 mm slices by which stresses to some extent 
were redistributed before the strain gauge measurements were carried out. As 
regards the deformation pattern of the welded structure, the expected deflection was 
found with the numerical model, but not measured quantitatively. 
 

- 
 
It was concluded from laboratory fatigue tests that the as-welded structure exhibits a 
doubled fatigue strength compared to a similarly stress relieved specimen. This was 
to some extent presumed from the numerical calculated stress distribution in the 
vicinity of the weld. This analysis showed that stresses in compression exist across 
the crack slit and that tensile stresses are present in the weld in general and it more 
than indicates that the welding induced residual stress distribution can be left as is 
from a fatigue resistant point-of-view. 
 
The gain in resistance with the as-welded structure compared to the post weld heat-
treated structure was quantitatively predicted by numerical analysis with good 
agreement, even though a quite simplified numerical test method for this purpose 
was applied.  
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The analysis shows promise that cost down initiatives can be adopted by omitting 
post weld heat-treatment, reducing thickness of the plates and reducing welding 
volumes without compromising reliability. This will depend on to which extend the 
structure reveal satisfactory form stability in the as-welded condition. 
 
 
8.3 General Concluding Comments 
 
The focus has been on welding induced residual stresses, and the evaluations of the 
models are based on residual strain/stress measurement techniques. The neutron 
diffraction method has been used with good results for this purpose. The measuring 
points are located within close distance since they are non-destructive and therefore 
do not affect each other. Furthermore, the deviation is small giving a curve with a 
smooth variation as function of distance, e.g. transverse to the weld. 
 
The drawbacks are the few physical sites where these measurements can take place. 
The one place existing in Denmark was shut down during the time of the project 
due to environmental concerns. The test-samples possible to measure in these 
installations are limited in size, in the present case to samples of the size as the 
welded plates, i.e. about 500 mm wide, 500 mm tall, and a variation in the third 
direction of about 200 mm. 
 

- 
 
The hole-drilling strain gauge method has been applied as well, although not for the 
same application. The method yields residual stresses with qualitatively good 
results. No upper limit exists for the size of the structure being measured and the 
equipment is portable and furthermore relatively simple to manage.  
 
The following main weaknesses can be emphasized. First of all, the hole-drilling 
strain gauge method is destructive, hence a certain distance must be kept between 
adjacent measuring points not to affect each other. Secondly, only stresses at the 
surface of the material can be measured and finally the method must be carried out 
manually, whereas the neutron diffraction measurement technique is automatic after 
the workpiece has been lined up in the equipment. 
  
Both measuring techniques have certainly been applicable for the present purposes. 
At the research laboratory at MAN B&W Diesel, Copenhagen, the procedure of the 
hole-drilling strain gauge method has later been simplified and proven a usable 
“daily” tool for various subjects. 
 

- 
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Specific suggestions for future work have been given at the end of each application 
chapter. A couple of general topics concerning the efficiency of the code can be 
mentioned. 
 
A matter that can be examined with advantage to obtain a solution in a more 
efficient manner is the convergence and time integration criteria set-up in the finite 
element code. In ABAQUS, default values are specified to fit literally all the 
analysis types available with the code. The criteria can typically be lowered for the 
heat transfer analysis compared to the structural analysis. This has not been utilized 
in the work.  
 
Combining an explicit solver for the moving heat source analysis with an implicit 
solver for the final cooling and residual stress development in the structure can be 
another subject for improving the efficiency. 
 
Improved meshing including a more detailed study of the impact of mesh density in 
the weld and near weld zone in order to use only the sufficient number of elements 
will naturally have a large effect on the computational effort required. A so-called 
graded element procedure is also convenient when analysing a case with extreme 
gradients in local areas of a relative large structure. 
 

- 
 
In general, the welding process is rather tolerant to the modelling of the heat source 
input with respect to the residual stress analysis. The effective heat transported to 
the weld and workpiece is decisive and the contracting filler material is of 
importance in order to capture the global residual stress distribution. Special 
attention has to be paid the modelling of the manufacturing process related 
strain/stress history preceding the main process modelling. Comparisons between 
the numerical models and the experimentally obtained measurements confirm this. 
In most cases, a welded structure is loaded in service. Therefore, an important step 
for the structural engineer is to analysis the loaded structure following an evaluation 
of the process manufacturing induced residual stress. The combination of welding 
residual stress analyses and finite element obtained load-carrying capacities of 
structures with different stress conditions, evaluated against fatigue experiments, is 
an example of coupling process simulation and subsequent structural analysis. The 
numerical models have shown satisfying conformity in all aspects. This suggests 
that the modelling procedures applied in the finite element models presented in the 
current study are reasonable and adequate for capturing the general global trend of 
welding induced residual stresses. 
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LIST OF 
ENCLOSURES 

 
 
 
 
Enclosure A: Major commercial finite element packages 
 
Enclosure B: Numerical analysis of the stress distributions dependency of distance 

to the transverse constraining of the plates in a butt weld. 
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ENCLOSURE A 

COMMERCIAL  
FINITE ELEMENT 

PACKAGES 
 
 
 
 
In the following, some major commercial finite element packages are listed in 
alphabetical order with reference to the Internet address. 
 
 

ABAQUS:    www.abaqus.com 
 

ADINA:    www.adina.com 
 

ALGOR:    www.algor.com 
 

ANSYS:    www.ansys.com 
 

BEASY1:   www.beasy.com 
 

COSMOS:    www.cosmosm.com 
 

LS-DYNA:   www.lstc.com 
 

MARC:    www.marc.com 
 

MSC.NASTRAN:   www.mscnastran.com 
 

STAAD/STARDYNE: www.reiworld.com 
 

 
No means has been taken to make this list complete, but it comprises the most 
common general-purpose finite element codes used for structural analyses. 
 
 

                                                 
1 Beasy is based on the boundary element method instead of the finite element method. 
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ENCLOSURE B 

STRESS DEPENDENCY  
ON RESTRAINING 

CONDITIONS 
 
 
 
 
The following numerical analysis was made by the author in connection with an 
investigation of hot crack formation during laser welding of stainless steel carried 
out by others at the Department of Manufacturing Engineering and Management at 
the Technical University of Denmark. It is presented here for the reason of the 
principal behaviour of the welding induced residual stresses with respect to the 
external restraining of the plates being welded. 
 
The subject is a butt weld between two 70 mm wide plate-strips of AISI 304 
stainless that is restrained at different distances transverse to the weld. This is 
illustrated in Figure B.1. The thickness of the plates is 2 mm. 
 
 

 
FIGURE B.1 Sketch of the test specimens investigated in the laser welded 

application. 70 mm wide plate-strips welded at the short edge, 
i.e. in practise, the plate-strips are longer than indicated by the 
50 mm and the 16 mm markings, but this is the position were 
they are fixed with clamps. 
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Due to symmetry, only one plate half is modelled. No filler material is added. Both 
a two-dimensional plane stress model and a the three-dimensional shell model have 
been applied. The heat input from the laser weld is modelled as a moving heat 
source body flux, approximately of the size as the heat spot diameter with the 
intensity of the laser. A “standard” material model including the non-linear effects 
of the material parameters temperature dependence and a perfect plasticity model is 
adopted for the principle results presented in this connection.  
 
No thermal interaction has been modelled with the clamps, hence the thermal 
transient fields analysed in the two different constraining cases are naturally 
identical. 
 
In Figure B.2, the residual stress distribution in the direction longitudinal to the 
weld is shown. A considerably higher tensile stress level in the vicinity of the weld 
is seen for the plates fixed in the distance of 50 mm compared to the 16 mm 
fixation. 
 
 

 
FIGURE B.2 The residual stress distribution in the direction longitudinal to the 

weld.  
 
 
The opposite is seen for the residual stress distribution transverse to the weld shown 
in Figure B.3. No filler material is added and hence the residual stresses developed 
are due to the plastic deformation of the material close to the weld when the energy 
source heats the material and it thereby tries to expand. When the material 
subsequently is cooled, it contracts and the now “shorter” material develops tensile 
stresses. This effect is much more prevalent in the case of the close restraints since 
less material exists transverse to the weld to absorb the expansion through elastic 
compression and finally contraction when cooled.  
 
The outcome is a completely different crack tendency. The maximum principal 
stress directions give an indication of the orientation in which a crack will develop  
since this most likely is transverse to the maximum principal stress direction. 
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FIGURE B.3 The residual stress distribution in the direction transverse to the 

weld.  
 
 
The following Figure B.4 shows the maximum principal stress directions. It 
follows, that a possible crack in the plate fixed relative far from the weld, i.e. the 50 
mm case, will tend to be transverse to the weld, whereas a welded plate fixed close 
to the weld, i.e. the 16 mm case, will tend to crack in the direction of the weld. 
 
This well-known habit by practical welding engineers was also confirmed with the 
corresponding experiments related to the analysis of the hot crack formation. This 
matter is not addressed further in connection with the present dissertation. 
 
 

 
FIGURE B.4 Maximum principal stress directions.  
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