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Abstract
Fusion welding is one of the most used methods for joining metals. This method has
largely been developed by experiments, i.e. trial and error. The problem of distortion
and residual stresses of a structure due to welding is important to control. This is
especially important in the aerospace industry where the components are expensive
and safety and quality are very important issues. The safety requirements and the
high costs of performing experiments to find different manufacturing routes is the
motivation to increase the use of simulations in design of components as well as its
manufacturing. Thus, in the case of welding, one can evaluate the effect of different
fixtures, welding parameters etc on the deformation of the component. The effects of
previous processes are also important to consider, as well as it is important to bring
forward the current state to subsequent processes.
When creating a numerical model, the aim is to implement the physical behaviour of
the process into the model. However, it may be necessary to compromise between
accuracy of the model and the required computational time. The aim of the work
presented in this thesis was to develop a method and model for simulation of
welding and metal deposition of large and complex components using the finite
element method. The model must be reliable and efficient to be usable in the
designing and planning of the manufacturing of the component. In this thesis, the
meaning of efficiency of a model is wider than just the computational efficiency.
The time for creation and definition of the model should also be included.
The developed methods enable the user to create a model for welding or metal
deposition with a minimum of manual work. The method for defining weld paths
and heat input together with activation of elements is now implemented in the
commercial finite element software MSC.Marc. The implementation is based on the
experience in this work and communication with the author. The approach has been
validated against test cases. Naturally, this validation is dependent on sufficient
accuracy of the heat input model and material model that are used. It is the first time
a dislocation density model has been used to describe the flow stress in a welding
simulation. The work has also demonstrated the possibility to calibrate heat input
models with a physical based heat input model, thus relieving the need to calibrate
the heat source versus measurements
Efficiency in terms of computing time has also been investigated in the course of
this work. Three different methods has been explored and used, adaptive meshing,
substructuring and parallel computation. The method that is found to be the most
versatile and reduce the overall simulation time the most is parallel computation. It
is straightforward for the user to employ and it introduces no reduction in the
accuracy.
Keywords: Finite Element Method, Welding, Metal Deposition, Manufacturing
Simulation, Aerospace Engineering
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1. Introduction
Simulation of manufacturing processes, such as welding, with the finite element
method is becoming more and more common in engineering practice. Historically it
has mainly been the nuclear industry and the aerospace industry that have been at
the forefront of the developments in this area. Then it was safety that was the major
driving force in order to assure the product and process quality. Nowadays we can
see that welding simulations are used more often in other industries. The target may
then to be able to produce a component that is right the first time, a direct-hit, by
evaluating different design and manufacturing concepts [1, 2]. Thus cost savings are
also in focus. The aim of the welding simulation can also be to use it as result for
succeeding analysis, such as the effect on the fatigue life Barsoum and Barsoum [3].

1.1 The Finite Element Method in a Historical Perspective
The history of the finite element method is about hundred years, but it took another
fifty years before the method became useful. In 1906 a paper was presented where
researchers suggested a method for replacing the continuum description for stress
analysis by a regular pattern of elastic bars. Later in 1943, Courant [4] proposed the
finite element method as we know it today. None of the forgoing work was of any
practical use though, since there were no computers available at that time to solve
the large set of simultaneous algebraic equations related to the method. In the early
1950’s engineers, mainly in the aerospace industry, started to use the method of
finite element more frequently. It was still only a number of exclusive groups that
where able to use the method, since digital computers had not become widespread
yet and they were very expensive. The actual name “finite element method” was
coined by Clough in 1960 and in the late 1960’s and early 1970’s large generalpurpose programs emerged, such as ANSYS, NASTRAN and MARC. However,
these programs were still written for a particular mainframe, it was not until the mid1980’s general-purpose programs began to appear on personal computers and
thereby became more widespread. Today, hundreds of thousands engineers all over
the world are using the finite element method in their everyday work. The above text
is an extract from the books by Cook et al. [5] and Belytschko et al. [6]. In the paper
by Felippa [7] a comprehensive review of the history of FEM can be found.

1.2 Background
The research presented in this thesis is based on work performed within two EU
funded projects. The work started in the project Manufacturing and Modelling of
Fabricated Structural Components (MMFSC), a project within the 5th Framework
Programme. The aim of the project was to show that fabrication as a manufacturing
technique could replace casting on selected components. The base for the welding
1
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model was developed in this project. The next project to attend was a project called
Virtual Engineering for Robust Manufacturing with Design Integration (VERDI)
within the 6th Framework Programme. Here the focus was on integrating simulation
models to be able to simulate a chain of manufacturing processes. Also new models,
like the one for metal deposition, where developed and integrated in this project. The
work presented in this thesis has been done in close cooperation with Volvo Aero
Corporation (VAC). The two projects had the following mission statements.
“The main objective of the MMFSC project is to develop, for aero-engine
structures, alternative manufacturing strategies to single-piece casting, which
is currently supplied by a non-EU manufacturer, and which leaves little room
for in-house design flexibility.”
MMFSC [8]
“The aim of VERDI is to contribute to winning global leadership for
European aeronautics by developing a new generation of engineering
technologies that allows for complete virtual manufacturing of structural aero
engine components integrated with the design process and manufacturing.”
VERDI [9]
Fabrication, the alternative to single-piece casting, is less reliant on fixed tooling and
can use combinations of materials and techniques (casting, forging, sheet forming,
welding, machining etc.), each to its greatest advantage where needed. Also a
substantial improvement in the utilisation of material is anticipated compared to a
single-piece casting. This is due to that different material thicknesses can more
easily be assigned in different parts of the component when the method of
fabrication is used. The need for fabrication is of special interest for large
components where there are only a few (one) manufacturers available. This leads to
long delivery times and high costs.
Fabrication is not easily implemented in the manufacturing process due to the high
safety requirements and the lack of fundamental understanding of the process. A
number of manufacturing processes was analysed within the MMFSC project. The
effect of the individual processes is studied and also the combined effects of
previous processes. The long-term goal, which is outside the scope of this work
though, is to be able to create a “virtual prototype” of the component. The virtual
prototype will be built up from the designed geometry and the result from all the
manufacturing processes applied. The virtual prototype can be loaded with the inservice loadings obtained from sensors on the physical product in order to predict
remaining life before service. Figure 1 is a somewhat extended figure from
Runnemalm [10]. The extension is that the whole lifetime of the component is
added, the in-service loading and possible upgrading. This will give valuable

2
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information, both when maintenance decisions are made and when designing the
next generation of components.

Feedback

Product requirements

DESIGN
Concept
phase

Tools for functional evaluation
Definition
Verification
phase
phase

Physical product

Services

Computer based engineering models

Inventory of
known methods

Preliminary
preparation

Data from component
in-service applied to
digital copy of product

Detailed
Preparation

Maintenance
upgrading etc.

Digital version
of product

Tools for planning of manufacturing

MANUFACTURING
Feedback

Figure 1. Use of computer models for design of components, manufacturing routes
and supporting maintenance.

1.3 Aim and Scope of Present Research
The aim of the work presented in this thesis is to develop a methodology for
modelling and simulation of the welding process of large and complex components.
Special focus is on multipass welding and metal deposition that are particularly
troublesome to model. The aim with the simulations is to be able to predict the
stresses and deformations that occur during manufacturing and in particular the
residual state after manufacturing. It should be possible to use the simulation model
when designing and planning the manufacturing of the fabrication of components.
The method should be applicable on the most commonly used fusion welding
processes in the manufacturing of aero engine components.
The research question is:
“How can modelling and simulation of welding and metal deposition
be done efficiently and accurately?”
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2. Welding in Aerospace Engineering
Fusion welding is the most commonly used joining technique in the aero engine
industry. It gives a joint with high strength and integrity. Different types of heat
sources can be used, beams or arcs. It can be carried out with or without the addition
of filler material. A brief introduction to the most common welding methods and the
effect of them will follow below.

2.1 Welding Methods
There exist a number of different welding methods. The most common methods in
the aerospace industry are Gas Tungsten Arc Welding (GTAW), Electron Beam
welding (EB) and Laser beam welding. In the book by Radaj [11], a thorough
description of these processes can be found. In Figure 2 the power densities for the
different welding processes are shown. Stone [12] describes both the history and the
physics of the EB welding process in some detail. Below a short introductory of
these processes are given.

Figure 2. Power density for different welding processes, Radaj [11].
In the case of GTA-welding the heat is generated by the discharge between the
anode and the cathode using a non-melting electrode. An inert gas is used as shield
against oxidation and the process can be carried out with or without filler material.
The power density of this process is the lowest of those mentioned above. Material
thicknesses between 0.5 and 3 mm can easily be welded with single-pass welds. If
larger thicknesses are to be welded, then multi-pass welding has to be adopted.
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In laser beam welding a high power density beam, coherent focussed light, is
directed at the welding spot, optical lenses are used to focus the light. The beam is
absorbed in a thin surface layer and if the power density is adequate the surface is
fused. A “digging” process now starts, provided that sufficient power is applied, and
a vapour capillary is formed. The vapour capillary is the actual welding heat source.
If the work piece is moved relative to the beam the vapour capillary will form a
“keyhole”. The penetration depth is restricted to 5 – 10 mm, depending on which
type of laser used, due to the defocus of the beam.
Electron beam welding is another high power density welding method. The power
density is even higher than in laser beam welding. The process is similar to the laser
welding process, but in EB-welding it is a hot cathode that accelerates electrons
towards the welding spot and electro-magnetic lenses are used to focus the beam.
Whilst the penetration depth of the laser process is restricted to relative small depths
the penetration depth in EB-welding can reach up to 320 mm. One major drawback
with EB-welding is that it has to be carried out in vacuum. The reason why it has to
be carried out in vacuum is that the electrons would be retarded or deteriorated by
other particles too much otherwise. Recently medium vacuum and non-vacuum
electron beam welding systems has been introduced, which will extend the usability
of this process.

2.2 Metal Deposition
The metal deposition (MD) process is quite similar to multipass welding but with
the aim to build up features or even complete components with wanted geometry.
This manufacturing method can both reduce weight of the component and increase
the flexibility of the manufacturing process. The major differences in MD compared
to multi-pass welding are that there exist no transversal boundaries, i.e. weld groove,
and that the added material is generally much thicker than the base material. In
Figure 3 an example of cross sections for the two processes can be seen, a) multipass
welding and b) metal deposition.

a)

b)

Figure 3. Illustration of the similarities and differences in a) multipass welding and
b) metal deposition.
The advantage with the metal deposition process is that material is added where it is
actually needed instead of making a large component and machining the wanted
features. The structural components in an aero engine are good examples where
5
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deployment of the MD process simplifies the production provided the quality can be
assured. They are generally slender with more bulky features such as flanges and
bosses needed to connect the components that could be produced by the MD
process.
The two most common processes for manufacturing of structural components today
is forging and casting. Forged components typically need to be largely oversized due
to the complexity of the final shape. In many cases the subsequent machining
removes more than half of the volume of the component. Since nickel based super
alloys and titanium are used, the actual material cost is therefore significant.
Machining in these high strength materials is also a time consuming and costly
process. Casting produces a component that is much closer to the final shape.
However, the material integrity of castings is not as good as for forgings or sheet
metal. There are also limitations in the design of the component, transitions of
thicknesses must not be too sharp and the ratio between the thickest and thinnest
section must not be too large. Metal deposition in combination with fabrication
offers a product with high structural integrity, produced with a minimum of scrap.
Clark et al. [13] concluded that the Shape Metal Deposit process (SMD) is a viable
method for fabricating local, complex features in aerospace components.
Despite these obvious advantages, MD is not widely used in the aerospace industry
as the quality must be assured before it can be adopted. The current research work
supports of the technology development at Volvo Aero Corporation where
simulation of the MD process is an important tool to learn about the process and
design it in order to assure the quality. The finite element method is used to predict
distortions and residual stresses due to the process. Then different welding
sequences, weld speeds, pause times etc. can be evaluated at a relatively low cost.
In this work the tungsten inert gas (TIG) process is used as heat source together with
a wire feeder system. There are other processes that can be used for MD. The most
widely used process is laser cladding where a laser beam is used as the heat source
and the material is added by powder injection. Laser cladding gives a very small
heat affected zone, low residual stresses and small distortions. However, difficulties
related to powder flow and oxidation may increase the formation of porosity and
inclusions, Mazumder et al. [14] and Thivillon et al. [15]. The addition of material
can be done by wire instead of powder. This gives much higher material usage
efficiency. It also lowers the risk to the operators and makes the process more
environmental friendly. Metal wires are also more easily available and cheaper than
powders, Mok et al. [16]. Another combination is electron beam and wire feed. This
can give an excellent result regarding defects and microstructure, Wanjara et al.
[17]. The electron beam equipment needs to be operated in vacuum and controlling
the interaction between the electron beam and a thin wire in the fusion zone requires
particular regulation. Clark et al. [13] investigated the metal inert gas (MIG) process
for MD and concluded that it is a viable method for fabrication of local, complex
features in aerospace components. The MIG welding can offer high deposition rates
at a relatively low investment cost. The use of a consumable electrode in MIG
6
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welding increases the risk for spatter though. This in turn may reduce the
productivity and quality of the process.

2.3 Effects of Welding
During the welding process a local area is heated up rapidly with high thermal
gradients as a consequence. The material expands as a result of being heated but the
expansion is restrained by the surrounding colder, and stronger, bulk. This will give
rise to the thermal stresses. Since the yield limit is lowered in the area of elevated
temperature, plastic strains will develop in the weld region. When the weld area
cools down the material in that area will be “too small”, i.e. the volume has been
reduced. During cooling the material will retrieve its strength, normally at an
elevated level due to plastic hardening, which in turn gives rise to the residual
stresses. In the book by Radaj [11], the residual stresses are defined as internal
forces, in equilibrium only with themselves over the whole domain of the body,
without external forces acting. This means that the welded body must be released
from its fixture, if a fixture was used, before the residual stress state is achieved.
The deformations due to welding are driven by the thermal expansion leading to a
residual state of deformation and stresses. Achieving both small stresses and
deformations is difficult. A high degree of geometrical restraint in welding results in
high stresses and small deformations while an unrestrained weld produces lower
stresses but larger deformations. As a consequence the reliability of the welded
component is assessed primarily on the basis of welding residual stresses, whereas
the quality in the manufacturing is assessed primarily on the basis of welding
residual deformation. In Figure 4 the basic deformation modes for a rectangular
plate with centric joining weld are presented.

7
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Figure 4. Deformation modes of a rectangular plate with a centric jointing weld
seam.
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3. Computational Welding Mechanics
The method of finite element was originally adopted for linear-static structural
analysis and dynamics. The method was later extended for dealing with geometric
and material non-linear problems. The pioneering work within simulation of
welding in the early 1970s, e.g. Ueda and Yamakawa [18] and Hibbit and Marcal
[19], included material non-linearity and the coupling between thermal and
mechanical analysis. In the latter also geometric non-linearity’s, such as large strain
and deformations where encountered for. Marcal [20], in his review, later stated that
“welding is perhaps the most nonlinear problem encountered in structural
mechanics”. In the review by Goldak et al. [21] it is suggested that the difficulties
experienced by the pioneers, but still eminently qualified experts in nonlinear FEM,
Hibbit and Marcal discouraged others from entering the field. Their expertise is
demonstrated by the fact that MARC, developed by Marcal and Hibbit, and
ABAQUS, developed by Hibbit, are among the most highly regarded commercial
FEA-software for nonlinear problems. Despite this, quite a few researchers have
entered the field during the last three decades and a list of what has been done would
be very long. A large number of reviews that summarizes the work during this
thirty-year period have been published, e.g. [20-26]. One of the most comprehensive
reviews in Computational Welding Mechanics (CWM) is the one by Lindgren [2325], in three parts. This review not only contains a large number of references of
what has been done earlier and the state of the art today, but also recommendations
of how and what to include in a model depending on the aim of the welding
simulation. A number of books have also been written. The books by Radaj [27],
Lindgren [28], and Goldak and Akhlagi [29] are entirely devoted to CWM.
The scope of Computational Welding Mechanics ‘is to establish methods and
models that are usable for control and welding of welding processes to obtain
optimal mechanical performance’ [28]. The book by Lindgren [28] describes
different modelling options and strategies as well as validation of models. The
phenomena that are relevant in welding can be divided in different fields, shown in
Figure 5. It has been found possible in CWM to decouple the modelling from the
physics of the welding process and also ignoring fluid flow and still being able to
create models fit for purpose. Thus CWM models are thermo-mechanical models
where the weld pool details are replaced by a heat input model, see Figure 6. This
simplifies the simulations considerably at the cost of needing to calibrate the heat
input model.

9
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Figure 5. Different domains of CWM
 
 

   

   
  

   

 

Figure 6. Domains included in classical CWM.

3.1 General Assumptions in Modelling of Welding
Before a model for simulation of welding is created some questions have to be
answered, what is the aim of this simulation?, which accuracy is desired?, what kind
of phenomena should be captured?, etc. In this work, the finite element models have
been three dimensional as the aim of the simulations have been to validate them for
geometries representative of components in engineering practice. In the paper by
Lindgren [30], definitions of different accuracy levels and complexity levels,
regarding the geometry representation, are presented. The models used in this work
can be regarded as accurate and standard 3D models as the primary focus has been
to obtain the residual stresses and deformations.
The finite element type used in all the simulations is a linear eight-noded element.
Belytschko et al. [6] argues that it is better to use a larger number of linear elements
than fewer higher order elements when non-linear problems are analysed. The
coupling between the thermal and the mechanical analysis is done by the staggered
approach. In the staggered approach the geometry update in the thermal analysis is
lagging one step behind the mechanical analysis. The short time steps taken make
this approximation negligible. To keep the strain field consistent, constant
10
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temperature through the element is transferred from the thermal to the mechanical
analysis. Large deformation and an additive decomposition of the strain rates are
also assumed. A more thorough elaboration on the computational choices in welding
simulation can be found in the book by Lindgren [28].

3.2 Current Development of Welding Simulations
In order to simulate a complex component or a chain of manufacturing processes, as
mentioned in the introduction, a reliable model has to be developed for each specific
process. It is important to know which accuracy and reliability that can be expected
of the model when simulations are to be performed on a full-scale component. This
is especially true if, as in this case, it is a very expensive component. It is not likely
that extensive measurements are going to be performed on such components in
production. Simulating a chain of processes is not meaningful if not all the
simulation models in that chain are accurate and reliable, “a chain is not stronger
than the weakest link”. In the work by Lundbäck et al. [31] simulation of welding
and subsequent heat treatment was performed and validated. In the VERDI project, a
method for transfer of results between models was developed and used for several
manufacturing steps, see Figure 7. This is a sub-component of an aero engine
component. The simulation chain includes six steps in the manufacturing process
including welding and metal deposition phases. The approach has been to first
validate the numerical models for each process individually on smaller test pieces.
When this is done, more complex geometries and eventually the whole
manufacturing chain was analysed.
Welding #1
Machining
Welding #2

Metal Deposition

Heat Treatment

Forming

Figure 7. Results from simulation of a manufacturing chain.
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Figure 8 is a roadmap of the steps that have been taken in current work to enable the
manufacturing simulation of a complex model. The first step towards welding
simulation of a complex geometry was to develop a method for creation of the weld
path. A material model has been built up by utilization of the extensive material tests
that have been performed. Different heat sources for the heat input have been tested
and validated and an element activation technique is implemented to simulate the
fusion of the welded material. Strategies for efficient computation, adaptive
meshing, parallel computation and substructuring have also been evaluated in the
work. In the following sections each part in Figure 8 will be explained in some
detail.
  
 

   

 
   

 


  
 
 



   
 
   
 

 
   

  
 

 
 

      
     

Figure 8. Roadmap of the different steps towards more complex geometries.

3.3 Material Modelling
Mainly two different materials are used in the work included in this thesis, Inconel
718 and Ti-6Al-4V. These materials are commonly used in aero engines on
structural components. Figure 9 shows two such components, the Front Bearing
Housing (FBH) and the Tail Bearing Housing (TBH). Ti-6Al-4V is used in the
“cold” parts of the engine, typically in the FBH, due to its high strength-weight
ratio. By cold part it means that the material doesn’t exceed a temperature of
approximately 500°C during in-service operation. Due to the excellent high
12
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temperature creep resistance of Inconel 718 it is often used in structural components
in the rear part of the engine. Figure 9 shows the position of the TBH, where the
temperatures can become above 700°C during in-service operation. The description
of the material behaviour is crucial in welding simulations. This involves choosing a
suitable material model and retrieving its material parameters. It may also include
the numerical implementation of the material model.

Figure 9. Aero engine showing the structural components Front Bearing Housing
(FBH) and Tail Bearing Housing (TBH).
The material model for Inconel 718 is a thermo-elasto-plastic model based on von
Mises yield criterion and associated flow rule with isotropic hardening. Finite
element software often gives the user the possibility to describe the hardening rule.
Given the current plastic strain together with the temperature, the user should give
the current yield limit and hardening modulus. For this purpose a table interpolation
method was implemented.
For Ti-6Al-4V a physically based material model is used. It is a similar model as in
Lindgren et al. [32], where it was applied for a stainless steel. This material model is
able to describe the material behaviour over large strain, strain rate and temperature
ranges. It is therefore possible to take the low temperature plasticity, as well as the
high temperature visco-plastic effects into account in the same material model. An
introduction to the dislocation density material model and its components will
follow.
The yield limit is assumed to consist of two components, a long-range term and a
short-range term.

σy = σG + σ *

€

(1)

where σG is the athermal stress contribution from the long-range interactions of the
dislocation substructure. The second term, σ*, is the friction stress needed to move
dislocations through the lattice and to pass short-range obstacles. Thermal vibrations
can assist dislocations to overcome these obstacles.
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The long-range term from Equation (1) is derived as,

σG = mαGb ρi

€

(2)

where m is the Taylor orientation factor translating the effect of the resolved shear
stress in different slip systems into effective stress and strain quantities.
Furthermore, α is a proportionality factor, b is the Burger’s vector, ρi is the
immobile dislocation density and G is the shear modulus.
The strain rate dependent part of the yield stress in Equation (1) can, under some
assumptions, be written as,
1
⎛ ⎛
˙ ⎞⎞ q ⎞
⎛
ε
kT
⎜
⎟
⎜ ref ⎟⎟ ⎟
σ* = σath ⎜1 − ⎜⎜
3 ln⎜ ˙ p ⎟⎟
⎜ ⎝ ΔFb ⎝ ε ⎠⎠ ⎟
⎝
⎠

where

€

and

1

p

(3)

are the reference and plastic strain rate respectively, k is the

Boltzmann constant and T is the temperature in Kelvin. The quantity ΔF is the
activation energy necessary to overcome lattice resistance and σath is the shear
strength in the absence of thermal energy.
A thorough description of the material model and how it is implemented can be
found in Lindgren et al. [32]. The material in that paper was the stainless steel 316L.
However, in the thesis by Babu [33] the adaption of the material model and its
parameters to fit for the material Ti-6Al-4V are presented.

3.4 Creation of Weld Path
A method to determine the position of the heat source in each time increment has
been implemented. This method alleviates the process of defining the weld path
especially if the path is an arbitrary 3D line. The weld path is first defined in a
system, e.g. a CAD-system, where the tools for handling complex geometries
normally are more developed than in the pre-processors of the FE-systems. The weld
path is thereafter exported as coordinate points to a file. During the initiation of the
simulation the file with the weld path coordinates is imported and processed into the
FE-system via user subroutines, Figure 10.
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CAD

Input file for
FE-model

FEA
User
subroutines

Weld path
Data

Figure 10. Strategy for the creation of weld path.
This method requires that there exist a geometry that can describe the weld path. The
geometry may consist of lines, shell- or a solid geometry. An example when
utilizing this method for creation of an “intricate” weld path is shown in Figure 11.
The figure is part of the paper by Lundbäck [34], a description of the method in
detail can be found in Lundbäck [35]. It should be noted that the method could be
combined with any heat source model. In this particular work the double ellipsoid
source was used. But other heat sources have been implemented and used, see next
section.

Figure 11. Example of weld paths that can be created with the described method.
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3.5 Heat Input Model
In a welding simulation it is essentially the temperature change, translated into
thermal expansion in the mechanical analysis, which is the external load in the
model. The increase of the temperature can generally be modelled in two different
ways, prescribed temperatures or by prescribed heat input. When prescribing the
temperatures the temperature is given in each node for the specific time and
position. The temperature is usually linearly ramped to the prescribed value and
thereafter followed by a constant-temperature phase. This method has been used
quite frequent, but mainly in 2D analysis. The other method, prescribed heat input,
which is the today most commonly used method, applies the heat input as a heat flux
at the integration points which is then converted to the nodes as temperature loads.
The most commonly used heat sources of this kind have a Gaussian distribution, but
heat sources with constant distribution has also been used. Goldak et al. [36]
proposed a volumetric heat source, see Equation (4) and (5) and Figure 12, the socalled double ellipsoid. This heat source consists of two elliptic regions, one in the
front of the arc centre, Equation (4), where z > 0,

q f ( x, y,z) =

6 3ffQ
abc f π

3

2

e

⎛ −3x 2 ⎞ ⎛ −3y 2 ⎞
⎜ 2 ⎟ ⎜ 2 ⎟
⎝ a ⎠ ⎝ b ⎠

e

e

⎛
2 ⎞
⎜ −3z ⎟
⎜ c 2 ⎟
⎝ f ⎠

(4)

and the other one behind the arc centre, Equation (5) z < 0.
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Figure 12. Geometrical definition of the double ellipsoid heat source.
The double ellipsoid heat source was initially intended to be used for modelling of
GTA-welding [36]. Later Goldak et al. [21] reported that they had received the most
accurate temperature field by combining three heat sources, a double elliptical disc
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on the surface, a double ellipsoid to model the direct impingement of the arc and
another double ellipsoid to model the stirring effect of the molten metal. To model
deep penetration welds, such as electron beam and laser beam welding, they
recommended a conical distribution of power density with a Gaussian distribution
radially and a linear distribution axially. However, the actual formula for this conical
heat source was not presented in the paper. Stone et al. [37] used a combination of a
circular surface flux and a conic volumetric source. Both these sources had a
uniform distribution of the power density. In Lundbäck and Runnemalm [38], a
combined double ellipsoid and conical-elliptic heat source is presented. The formula
for the frontal part in the conical-elliptic heat source, z > 0, can be seen in Equation
(6).

qcf ( x,y,z) =

6 f cf Q
ac bc c cf π (1+ dc )
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and for the rear part, z < 0, Equation (7).
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All the parameters, except for bc and dc, corresponds to those in Equation (4) and (5)
and Figure 12. The parameter bc is the depth of the cone, which should be equal to
the thickness of the plate and dc controls the decrease of the cone width at the
bottom surface. The definition of dc can be seen in Figure 13 and the valid interval
of dc is [0 1].

Figure 13. Description of the geometrical properties of the elliptic cone.
Combining the classical double ellipsoid with the elliptic cone presented above gives
a heat source well suited for modelling of deep penetration processes such as
electron beam welding, Equation (8). The fraction of the applied heat input between
the two heat sources are controlled with the parameter β. This heat source was
presented and used in Lundbäck and Runnemalm [38] with good result.
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qcombi( x,y,z) = βqe( x,y,z) + (1 − β)qc( x,y,z)

€

(8)

Comparing these two methods, prescribed temperatures and prescribed heat input, it
can be said that prescribing the temperatures can be easier to use as means for heat
input in some cases. This is especially true in the 2D case but less true in the 3D case
where the method of prescribed heat input is probably easier to implement and use.
The accuracy in the heating phase is also better in the latter method.
There exist more advanced heat source models, e.g. [39-41]. Sudnik et al. [39] used
a thermo-dynamical steady-state model to calculate the thermal field in a laser beam
weld. The result from such models can be used in different ways. Either by mapping
of the temperatures directly into the FE-model, i.e. prescribed temperatures, or the
result can be used as a validation of the FE-result. Hughes et al. [41] used a detailed
finite volume model of the weld pool to calibrate the heat source parameters in the
FE-model automatically. In this work a model, modified to fit electron beam
welding, from Sudnik et al. [39] has been used to validate the FE-results. The gain
by using the result from such a model is that information and knowledge about the
shape of the thermal field can be obtained. Some of these results can be obtained
with experiments, i.e. cross section micrographs. Other results, such as the thermal
field in the welding direction inside the material, are in practice impossible to obtain
with experiments. The reason why the prescribed temperature method was not
chosen is that mapping the temperatures from a non-analytical model is a relatively
time-consuming task. Further it requires direct access to the thermo-dynamical
model, which was not the case in this work.

3.6 Addition of Filler Material
The welding process can be performed with or without filler material depending on
which process used and the requirement on the weld geometry. In the aerospace
industry no undercutting in the welds is accepted, i.e. the thickness of the material in
the weld cannot be less than in the surrounding material. Filler material is commonly
used in GTA and laser beam welding but less common in electron beam welding.
Nevertheless, some kind of element deactivation and activation has to be used
disregarding of the welding process if for example a butt welding is going to be
modelled. Two different techniques can be used, “quiet elements” or “inactive”.
When using quiet elements the elements are present during the whole analysis but
the stiffness and the thermal conductivity is very low so that they do not disturb the
rest of the model. They are activated simply by giving them correct material
properties. With the other method, inactive element, the elements are not part of the
system of equations until they are activated. In this work the inactive element
technique has been used exclusively. The thermal and mechanical activation is
separated to enable the element to be heated up thermally but not contribute to the
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mechanical stiffness. The criterion when an element is to be activated is set as a
distance relative the position of the origin of the heat source. The plastic strain
should be zeroed as long as the element is in liquid phase. The activation state
should be such that the elements are born “fresh”, ie. undeformed and without strain.
Thus this is their reference state from which they cool after their activation.
Lindgren et al. [42] compared the two methods on a multipass welding analysis of a
thick plate. They found that both methods gave very similar result but the method of
inactive elements was somewhat more effective with respect to computational cost.
Different problems may arise depending on which method used. Decreasing the
stiffness, of the quiet elements, too much will give an ill-conditioned stiffness matrix
with numerical problems as a result. On the other hand, when using the inactive
technique, if the nodes are completely surrounded by inactive elements then these
nodes will not follow the movements of the active neighbour nodes. This can result
in severely distorted, or even collapsed, elements at the time of their activation.
Lindgren et al. [42] solved this problem by a smoothing technique. Lindgren and
Hedblom [43] later developed a technique to control the volume of the activated
elements, i.e. the filler rate, which also optimised the position of the nodes for
minimized element distortion and correct geometrical shape of each weld pass.

3.7 Efficient Computation
There exist a number of methods for decreasing the computational time, or actually
the wall-clock time of the simulation. The most obvious and straightforward method
is to reduce the geometrical dimension, e.g. from a 3D solid model to a 2D plane
strain model. It is also the most powerful and widely used strategy to reduce the
computational cost. Whether this is feasible or not depends on the scope of the
simulation [30]. Runnemalm and Berglund [44] compared the results from
simulations using a 2D plane strain model and a 3D solid model. Apart from the
obvious loss of the 3D effect, they found that the temperature history could be
predicted accurately but the transverse displacement was not that accurately
predicted. In the paper by Barsoum and Lundbäck [45], 2D and 3D welding
simulations was compared with measurements. It was concluded that the 2D residual
stress predictions showed good agreement with measurements. Hence, a 2D welding
simulation is suitable for residual stress predictions for incorporation in further
fatigue crack growth analysis in that case. Barroso et al. [46] studied the accuracy in
prediction of welding residual stresses and displacements by simplified models.
They concluded that it is possible to make large savings in time and still maintain a
good accuracy. However, these methods generally require more calibration and they
are only applicable to simple geometries. If it is decided that the analysis should give
a detailed description of the weld region and the whole structure should be taken
into account for then the only choice is a solid model, at least close to the weld.
Some of the techniques for reduction of the simulation time are described below.
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3.7.1

Adaptive meshing

Adaptive meshing is a technique that changes the mesh density due to some
criterion. The criteria can for example be temperature or strain gradients. If an
element fulfils the criterion, e.g. it has a temperature gradient that exceeds the given
value, it will be divided into smaller elements. The child elements created will
inherent the properties and result, such as temperature and strains, from the parent
element. Since this method does not change the topology as a general remeshing
does and the mapping of data is kept to a minimum, it is a relatively cheap method
with respect to computational cost. Geometric compatibility between the split
element and its neighbours must be assured. In Figure 14 two ways to tackle this
problem is shown. Either by using the graded element presented by McDill [47] or
by multi point constraint of the inter-element node. The latter method was used in
Berglund et al. [48]. The number of elements in the model will continuously
increase if the created elements are not merged back into the parent element, i.e.
coarsening. If the locally refined area is controlled geometrically the method is
called rezoning. Runnemalm and Hyun [49] presented a technique that combined
error measurements from both the thermal and mechanical gradients and mesh
refinement and coarsening. In this way they could keep the number of elements to a
minimum but still be able to keep a high resolution in areas with steep gradients.
Discontinuous
derivative of
shape functions

Constrained node
master nodes

Graded five node
elements with two
subdomains for
numerical integration

Figure 14. Graded mesh by graded elements or multiple point constraints.
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3.7.2

Mixing elements

Mixing of shell and solid elements is of special interest when performing welding
simulations on thin-walled structures. The solid elements are then concentrated near
the weld region and the shell elements further away. Shells are superior to solids in
the far field region as they improve the bending behaviour and the number of
elements can be reduced significantly. In the region near the arc, solid elements are
often required. This is due to that there is large gradients trough the thickness in that
area and shell elements are not suitable to model such state. Näsström et al. [50]
showed that a model with combined solid and shell elements can be used in such
structures.

3.7.3

Substructuring

The substructure technique is a method where part of the mesh in the model is
condensed into a superelement and is treated as a linear-elastic part of the structure.
The rest of the structure is, in the case of welding simulation, treated as a non-linear
model, hereafter called the local model. Figure 15 shows an illustration of the
formation of the local model with its constraints. Part of the model is selected to
represent the superelement and the rest will define the local model. Boundary
conditions that are applied to the global model will be included in the superelement
and implicitly included in the stiffness of the local model. The superelement
provides the stiffness from the surrounding structure as boundary conditions, as
shown to the right in Figure 15, to all boundary nodes in the local model.
Global model

Superelement

Local model

Figure 15. Formation of a superelement and a local model from an ordinary model.
Brown and Song [51] presented techniques for both dynamical rezoning, i.e.
adaptive meshing, and dynamical substructuring. The position of the local model
was frequently updated so that it followed the moving heat source. Since the
superelement is unable to deal with non-linear phenomena, such as plastic yielding,
temperature dependent material properties etc., it is important to keep the local
model large enough. It is up to the user to assure that no yielding occurs in the
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superelement. Andersen [52] used this approach for modelling of a ship
subassembly. He combined linear shell elements in the global model and solid
elements in the local model. This approach was used in the mechanical analysis, but
the full model was used in the thermal analysis.

Real component

Local model

The findings from author’s unpublished work and work done by Handell [53], is
presented below. In Figure 16 an example of substructuring applied to an aero
engine component is shown. The geometry is vastly simplified during idealisation,
but serves as an example. It consists of an inner ring, an outer ring and eight vanes.
The vanes are welded together with the inner ring and the outer ring with one single
weld at each end of the vane. The boundaries for the local model are chosen so that
they match the cyclic symmetry that the geometry possesses. To the right in Figure
16 the local model and the part of the global model that will form the superelement
are shown. As in the work by Andersen [52], the substructuring technique was only
applied in the mechanical analysis. The thermal analysis was performed on the
global model. The global model and local model contained 54400 and 6800 solid
elements respectively. The simulation time for solving this model with the
conventional method was just below 46 000 s. The total computation time when
using the substructuring technique was 8 500 s. This means that a speedup of more
than 5 is achieved when applying the substructuring method.
Simplified model

Weld #1
Weld #2

Superelement

!

!

!

Figure 16. Example of the substructuring method.

3.7.4

Parallel computation

The final method that will be presented in this section is parallel computation.
Parallel computation induces no simplifications, changes in geometric representation
or anything as the above methods. It is simply a method to decrease the
computational time, or actually the wall-clock time, for an analysis to be completed.
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There are similarities with the substructuring approach. The model is divided into
subdomains by domain decomposition, one subdomain for each process. The system
of equations is solved for each subdomain locally and then an iterative procedure is
applied to obtain equilibrium in the whole model. Escaig and Marin [54] studied
different methods for domain decomposition to solve non-linear problems. They did
not utilize parallel computation, they used this method for separating the elastic and
plastic regions in a model. The idea with this is that the bandwidth decreases and the
local stiffness matrix representing the subdomains that are in the elastic region do
not have to be recalculated. They showed that a speedup factor between 2 and 4
could generally be achieved. The limit of efficiency for parallel computation is due
to the communication cost. That is, when the cost in time for communication
between the subdomains becomes higher than the gain for adding another processor,
then the limit is exceeded. Another limit, which is more of a limitation when using
this method in welding simulation, is the load balance between the processors. The
non-linearities in welding simulation are highly localised phenomena. This means
that most of the time, only one subdomain is dealing with a highly non-linear
problem while the other domains are mainly linear. The result is that most of the
processors may be ideal much of the computational time, since a linear problem is
solved much faster than a non-linear. In the work by Shi et al. [55] they showed that
the speedup ratio for their problem was linear when solving the problem on a Shared
Memory parallel computer up to four CPUs. The speedup ratio, En, is defined as the
time for solving the problem on one CPU, T1, divided by the time for solving the
problem with n CPUs, Tn, and the number of CPUs used, n, Equation (9).

En =

€

T1
Tn ⋅ n

(9)

They also performed tests using a distributed parallel computer, but here more CPUs
where available. This test gave similar result, regarding the speedup ratio, as for the
Shared Memory machine up to 6 CPUs. When more than 6 CPUs was used the
speedup ratio decreased rapidly so that the overall computational time for 6 up to 16
CPUs where approximately the same. Parallel processing was also used in Lundbäck
and Runnemalm [38]. For that case it was shown that a reduction in computational
time could be achieved for at least up to 6 CPUs.

4. Modelling of Metal Deposition
The model for metal deposition will be presented here in some detail. A thorough
description of the model can be found in the appended Paper E. First a brief survey
of what has been published in the literature will follow. Oddy and McDill [56] made
early a kind of weld deposition analyses, weaved welds for cladding of a surface
with welded material. More recent work are Mughal et al. [57]. They presented a 2D
model for modelling of the TIG layering process together with experiments for
validation. They used the quiet element technique and separated the thermal and
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mechanical activation. The shape and position of the deposited material was predefined in the modelling step. A 3D model for the laser cladding process, laser in
combination with powder, was presented by Toyserkani et al. [58]. This was a
purely thermal simulation, but with the capability to predict the shape of the clad
geometry. In the work by Kim et al. [59] they presented a 2D model with the aim to
predict the melt pool shape and dilution of laser cladding with wire feeding. Later it
was extended to 3D in the work by Zhao et al. [60]. Both of these papers only
consider the thermal part of the problem.
Simulation of metal deposition poses some challenges in addition to the usual
challenges in simulation of single-pass welding. The number of weld passes can
become very large. This requires a method to handle the weld passes without too
much manual work by the user. The weld passes are ideally created in an off-line
programming system (OLP). In this way the same geometrical description of the
weld paths is used in both the simulation and in the physical process. There is no
extra work for the modeller in creating the passes either. The weld paths are
imported to the finite element tool, see section 3.4.
Another issue is the addition of filler material, section 3.6. The first step in the
preparation of the FE-model is to define the finite element mesh. The base material
and the material that is going to be built up by metal deposition are defined in
advance. The model in Figure 17 is given as an example, where the elements
forming the base plate and the wall are shown. The elements that correspond to the
wall will initially be removed from the analysis. As the deposition of metal
proceeds, elements will be added to the model automatically. It is preferable to
activate the elements thermally before they are activated mechanically. Then it is
possible to heat up the elements to melting temperature or above with the heat
source before they are activated mechanically.

Figure 17. Initial geometry of a finite element model for metal deposition showing
the base plate and the wall to be built up.
The relatively low stiffness of the bulk material, see the illustration in Figure 3b,
increases the likelihood for large deformations in the model. Figure 18 shows a
simulation where very large deformations have been created. The deformation is not
realistic but is used as an illustration to demonstrate that large deformations can be
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handled by the algorithm. The base plate has been given a rigid body translation in
the negative y-direction. As seen in Figure 18, the nodes that belong to inactive
elements do not follow the rest of the structure but are located above the rest of the
structure. They do not follow the translation of the plate, as the elements connecting
them with the plate are not active. These nodes must be moved to correct positions
before an element that is connected to them can be activated. In Figure 18 it can be
seen how the nodes connected to thermally active have are placed at appropriate
positions although their elements are not mechanical active yet. The nodes are
moved to this position by a special logic that traces where filler material should be
added. The elements are thermally activated some distance ahead of the origin of the
heat source so that they can be heated up by the heat source. The elements are
activated mechanically when the mean temperature falls below a given value. The
activation temperature is typically given equal or just below the melting point of the
current material.

Figure 18. Simulation of a weld pass, showing inactive, thermally activated and
fully activated elements.
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5. Summary of Appended Papers
Below follows a short summary of the papers included in the thesis.

5.1 Paper A
In this paper a method for enabling the creation of a weld path of any geometrical
shape is presented. The weld path can be defined in a CAD-system based on the
geometrical model. The weld path is defined by discrete coordinate points, which
are imported into the FE-model and further processed via user subroutines. Different
heat source models are also implemented. The addition of filler material is done by
element activation. The logic for the element activation is coupled to the heat source
position. The method is not restricted to a CAD-software for creation of the weld
path, for example an “off-line robot programming” software could also be used for
this purpose.

5.2 Paper B
A three-dimensional finite element model was used to simulate the laser beam
welding process of two stainless steel plates and experiments where performed to
validate the model. Transient deformations and temperatures where measured during
the experiment. A moving heat source with a double ellipsoid shape was used for the
heat input. To simulate the joining of the two plates, elements were activated along
the weld path using the “inactive” technique. The material, a martensitic stainless
steel, was modelled with temperature dependent thermal and mechanical properties.
Volumetric changes, i.e. thermal dilatation, due to temperature and phase changes
were also included. No hardening, due to plastic strain or phase change, where
accounted for though.

5.3 Paper C
In Paper C a thermo-mechanical model for simulation of electron beam welding is
presented. The model is validated experimentally and the result from an additional
thermo-dynamical simulation is also used for validation of the thermal part of the
FE-model. Two plates, made of Inconel 718, are butt welded together without
addition of filler material. Parallel computation is used to reduce the overall
computational time. A combined heat source for modelling the deep penetration
characteristic of the EB-weld is developed. The agreement of the results regarding
the residual stresses and the temperature field is fairly good. The residual
deformations, i.e. the butterfly angle, agree with the experiment qualitatively but not
in magnitude.
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5.4 Paper D
A coupled welding and heat treatment simulation is presented in this paper. The
welding was a TIG welding with a following stress relief heat treatment.
Experiments were performed to validate the models. Temperatures and strains were
measured during welding. Residual stresses were measured both after welding and
heat treatment with the hole-drilling technique. The material is Inconel 718 and an
elasto-plastic material model is used in all steps but the holding in the heat
treatment. For that step the Norton’s law in an elasto-viscoplastic model was used.
The result with respect to the temperatures is in good agreement and parts of the
mechanical result are also in good agreement. The transient strain plots show that
there are instabilities in the calculated result during release from the fixture after
welding.

5.5 Paper E
This paper describes a method for modelling and simulation of metal deposition.
The focus is to enable simulation of MD on a global level in 3D. The method is
presented together with a validation case. Issues such as multiple weld paths and
time-consuming modelling is dealt with. The model is more or less automatically
built up and the handling of the weld paths for heat input and addition of filler
material is taken care of by user-subroutines. The material used in this work is Ti6Al-4V. A physically based material model for the evolution of flow stress has been
implemented and used. The results show that the method has the capability to
capture the behaviour and phenomena that occurs during metal deposition.

6. Discussions and Future Work
The aim of the work presented in this thesis is to develop a method and model for
simulation of welding and metal deposition of large and complex components. The
model must be reliable and efficient to be usable in the designing and planning of
the manufacturing of the component. In this thesis, the meaning of efficiency of a
model is wider than just the computational efficiency. The time for creation and
definition of the model is also included.
The developed methods enable the user to create a model for welding or metal
deposition with a minimum of manual work. The method for defining weld paths
and heat input together with activation of elements is now implemented in the
commercial finite element software MSC.Marc. The implementation is based on the
experience in this work and communication with the author. The approach has been
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validated against test cases. Naturally, this validation is dependent on sufficient
accuracy of the heat input and material models that are used.
The work has also demonstrated the possibility to calibrate heat input models with a
physical based heat input model [38], thus relieving the need to calibrate the heat
source versus measurements.
Paper E is the first case where a dislocation density model has been used to describe
the flow stress in a welding simulation. It accounts for plastic and viscoplastic
effects.
Efficiency in terms of computing time has also been investigated in the course of
this work. Three different methods has been explored and used, adaptive meshing
[48], substructuring Handell [53] and parallel computation [38, 48]. The method that
is found to be the most versatile and reduce the overall simulation time the most is
parallel computation. It is straightforward for the user to employ and it introduces no
reduction in the accuracy. Ultimately, the combination of these methods would give
the best performance.
Recommendations for future work focuses on accuracy and extension of modelling
to fracture as the efficiency has been addressed quite well in this work. Further
improvements in efficiency, remeshing in combination with parallel computation,
are expected to be made by software developers. The research in Computational
Welding Mechanics will need to address specific material and heat input modelling
issues instead. There is a need for material models that covers not only a large
temperature range but also large strain and strain rates for improving simulations of
manufacturing chains.

7. Conclusions
The following conclusions are drawn based on the work in this thesis related to the
research question that was posed in section 1.3.
•

The method for modelling of welding and metal deposition presented in
this thesis does improve the efficiency of the modelling considerably.

•

The computational efficiency of different methods has been addressed. It is
found that parallel computation and substructuring are two methods to
enable simulation of large models within a reasonable time frame.

•

Physical based models are applicable for manufacturing processes with
varying time scales and temperatures.

28

A. Lundbäck - Modelling and Simulation of Welding and Metal Deposition

8. References
1.
2.

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Alberg, H., Simulation of Welding and Heat Treatment, in Department of
Applied Physics and Mechanical Engineering. 2005, Luleå University of
Technology: Luleå.
Enzinger, N., Accounting for Welding Residual Stresses in the Design
Stage, in Mathematical Modelling of Weld Phenomena 7, H. Cerjak,
H.K.D.H. Bhadeshia, and E. Kozeschnik, Editors. 2005, Verlag der
Technischen Universität Graz: Graz, Austria. p. 591-604.
Barsoum, Z. and I. Barsoum, Residual stress effects on fatigue life of
welded structures using LEFM. Engineering Failure Analysis, 2009. 16(1):
p. 449-467.
Courant, R., Variational Methods for the Solution of Equilibrium and
Vibration. Bulletin of the American Mathematical Society, 1943. 49: p. 123.
Cook, R.D., D.S. Malkus, and M.E. Plesha, Concepts and Applications of
Finite Element Analysis. third edition ed. 1989, New York: Wiley & Sons.
Belytschko, T., W.K. Liu, and B. Moran, Nonlinear Finite Elements for
Continua and Structures. 2001, Chichester: Wiley & Sons.
Felippa, C.A., A historical outline of matrix structural analysis: a play in
three acts. Computers and Structures, 2001. 79: p. 1313-1324.
MMFSC. Available from: http://www.mmfsc.net.
VERDI. Available from: http://www.verdi-fp6.org.
Runnemalm, H., Efficient Finite Element Modelling and Simulation of
Welding, in Mechanical Engineering. 1999, Luleå University of
Technology: Luleå.
Radaj, D., Heat Effects of Welding – temperature Field Residual Stress
Distortion. 1992, Berlin: Springer-Verlag.
Stone, H.J., The Characterisation and Modelling of Electron Beam
Welding. 1999, The University of Cambridge: Cambridge.
Clark, D., M.R. Bache, and M.T. Whittaker, Shaped metal deposition of a
nickel alloy for aero engine applications. Journal of Materials Processing
Technology, 2008. 203(1-3): p. 439-448.
Mazumder, J., et al., Closed loop direct metal deposition: art to part.
Optics and Lasers in Engineering, 2000. 34(4-6): p. 397-414.
Thivillon, L., et al., Potential of direct metal deposition technology for
manufacturing thick functionally graded coatings and parts for reactors
components. Journal of Nuclear Materials, 2009. 385(2): p. 236-241.
Mok, S.H., et al., Deposition of Ti-6Al-4V using a high power diode laser
and wire, Part I: Investigation on the process characteristics. Surface and
Coatings Technology, 2008. 202(16): p. 3933-3939.
Wanjara, P., M. Brochu, and M. Jahazi, Electron beam freeforming of
stainless steel using solid wire feed. Materials & Design, 2007. 28(8): p.
2278-2286.

29

A. Lundbäck - Modelling and Simulation of Welding and Metal Deposition

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.

32.
33.
34.

Ueda, Y. and T. Yamakawa, Analysis of Thermal Elastic-Plastic Stress and
Strain during Welding by Finite Element Method. Transactions of the Japan
Welding Society, 1971. 2(2).
Hibbit, H.D. and P.V. Marcal, A Numerical, Thermo-Mechanical Model for
the Welding and Subsequent Loading of a Fabricated Structure. Computers
and Structures, 1973. 3: p. 1145-1174.
Marcal, P.V., Weld Problems. Structural Mechanics Computer Programs,
1974: p. 191-206.
Goldak, J.A., et al., Computer Modelling of Heat Flow in Welds.
Metallurgical Trans B, 1986. 17B: p. 587-600.
Karlsson, L., Thermomechanical Finite Element Models for Calculation of
Residual Stresses due to Welding, in Residual Stresses, H.e. al., Editor.
1993, DGM Informationsgesellschaft Verlag. p. 33.
Lindgren, L.-E., Finite element modelling and simulation of welding, Part 1
Increased complexity. Journal of Thermal Stresses, 2001. 24: p. 141-192.
Lindgren, L.-E., Finite element modelling and simulation of welding, Part 2
Improved material modelling. Journal of Thermal Stresses, 2001. 24: p.
195-231.
Lindgren, L.-E., Finite element modelling and simulation of welding, Part 3
Efficiency and integration. Journal of Thermal Stresses, 2001. 24: p. 305334.
Lindgren, L.-E., Numerical modelling of welding. Computer Methods in
Applied Mechanics and Engineering, 2006. 195(48-49): p. 6710-6736.
Radaj, D., Welding residual stresses and distortion. Calculation and
measurement. 2003: DVS-Verlag. 397.
Lindgren, L.-E., Computational welding mechanics. Thermomechanical
and microstructural simulations. 2007: Woodhead Publishing.
Goldak, J. and M. Akhlagi, Computational Welding Mechanics. 2005:
Springer.
Lindgren, L.-E., Modelling for Residual Stresses and Deformations due to
Welding – ”Knowing what isn’t necessary to know”, in Mathematical
Modelling of Weld Phenomena, H. Cerjak and H.K.D.H. Bhadeshia,
Editors. 2002, Maney: Graz, Austria. p. 491-518.
Lundbäck, A., H. Alberg, and P. Henrikson, Simulation and Validation of
TIG-Welding and Post Weld Heat Treatment of an Inconel 718 Plate, in
Mathematical Modelling of Weld Phenomena 7, H. Cerjak, H.K.D.H.
Bhadeshia, and E. Kozeschnik, Editors. 2005, Verlag der Technischen
Universität Graz: Graz, Austria. p. 683-696.
Lindgren, L.E., K. Domkin, and S. Hansson, Dislocations, vacancies and
solute diffusion in physical based plasticity model for AISI 316L.
Mechanics of Materials, 2008. 40(11): p. 907-919.
Babu, B., Physically Based Model for Plasticity and Creep of Ti-6Al-4V, in
Department of Applied Physics and Mechanical Engineering. 2008, Luleå
University of Technology: Luleå, Sweden.
Lundbäck, A. CAD-support for Heat Input in FE-model. in Mathematical
Modelling of Weld Phenomena 6. 2002. Graz, Austria: Maney.
30

A. Lundbäck - Modelling and Simulation of Welding and Metal Deposition

35.
36.
37.

38.
39.
40.
41.

42.
43.
44.
45.
46.
47.
48.
49.
50.

Lundbäck, A., Modelling of Weld Path for Use in Simulations. 2000.
Goldak, J., A. Chakravarti, and M. Bibby, A New Finite Element Model for
Welding Heat Sources. Metallurgical Trans B, 1984. 15B: p. 299-305.
Stone, H.J., S.M. Roberts, and R.C. Reed, A Process Model for the
Distortion Induced by the Electron-Beam Welding of a Nickel-Based
Superalloy. Metallurgical and Materials Transactions A, 2000. 31A: p.
2261-2273.
Lundbäck, A. and H. Runnemalm, Validation of three-dimensional finite
element model for electron beam welding of Inconel 718. Science and
Technology of Welding and Joining, 2005. 10(6): p. 717-724(8).
Sudnik, W., D. Radaj, and W. Erofeew, Computerized Simulation of Laser
Beam Welding, Modelling and Verification. J. Phys. D: Appl. Phys., 1996.
29: p. 2811-2817.
Debroy, T., et al., Weld Pool Heat and Fluid Flow in Probing Weldment
Characteristics, in Mathematical Modelling of Weld Phenomena, H. Cerjak
and H.K.D.H. Bhadeshia, Editors. 2002, Maney: Graz, Austria. p. 21-42.
Hughes, M., K. Pericleous, and N. Strusevich, Modelling the Fluid
Dynamics and Coupled Phenomena in Arc Weld Pools, in Mathematical
Modelling of Weld Phenomena, H. Cerjak and H.K.D.H. Bhadeshia,
Editors. 2002, Maney: Graz, Austria. p. 63-81.
Lindgren, L.-E., H. Runnemalm, and M.O. Nasstrom, Simulation of
multipass welding of a thick plate. International Journal for Numerical
Methods in Engineering, 1999. 44(9): p. 1301-1316.
Lindgren, L.-E. and E. Hedblom, Modelling of addition of filler material in
large deformation analysis of multipass welding. Communications in
Numerical Methods in Engineering, 2001. 17(9): p. 647-657.
Runnemalm, H. and D. Berglund, Finite Element Simulation of Welding
Prediction of Deformation Patterns, in 3rd TWI/EWI Workshop on Joining
of Aerospace Materials. 2000: Bokenäs, Sweden.
Barsoum, Z. and A. Lundbäck, Simplified FE welding simulation of fillet
welds - 3D effects on the formation residual stresses. Engineering Failure
Analysis, 2009. 16(7): p. 2281-2289.
Barroso, A., et al., Prediction of welding residual stresses and
displacements by simplified models. Experimental validation. Materials &
Design, 2010. 31(3): p. 1338-1349.
McDill, J.M.J., Isoparametric Quadrilaterals and Hexahedrons for Meshgrading Algorithms. Communication in Applied Numerical Methods, 1987.
3: p. 155-163.
Berglund, D., L.-E. Lindgren, and A. Lundbäck. Three-Dimensional Finite
Element Simulation of Laser Welded Stainless Steel Plate. 2001.
Runnemalm, H. and S. Hyun, Three-dimensional welding analysis using an
adaptive mesh scheme. Comput. Methods Appl. Mech. Engrg., 2000. 189:
p. 515-523.
Näsström, M., et al. Combined Solid and Shell Element Modelling of
Welding. in IUTAM Symposium on the Mechanical Effects of Welding.
1992. Luleå, Sweden: Springer-Verlag.
31

A. Lundbäck - Modelling and Simulation of Welding and Metal Deposition

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

Brown, S.B. and H. Song, Rezoning and Dynamic Substructuring
Techniques in FEM Simulations of Welding Processes. J. of Engineering
for Industry, 1993. 115: p. 415-423.
Andersen, L.F., Residual Stresses and Deformation in Steel Structures, in
Department of Naval Architecture and Offshore Engineering. 2000,
Technical University of Denmark: Copenhagen.
Handell, K., Reducering av analystid vid svetssimulering, in Tillämpad
fysik, maskin- och materialteknik. 2007, Luleå University of Technology:
Luleå, Sweden.
Escaig, Y. and P. Marin, Examples of domain decomposition methods to
solve non-linear problems sequentially. Advances in Engineering Software,
1999. 30: p. 847-855.
Shi, Q.-Y., et al., Precision and Efficiency Sensitivity of Some Key
Techniques in Thermo-mechanical Simulation of Welding Process, in
Trends in Welding Research. 2003. p. 867-872.
Oddy, A. and J.M.J. McDill, Residual Stresses in Weaved Repair Welds, in
ASME Pressure Vessel & Piping Conference. 1996: Montreal, Canada. p.
147–152.
Mughal, M., H. Fawad, and R. Mufti, Finite element prediction of thermal
stresses and deformations in layered manufacturing. Acta Mechanica,
2006. 183: p. 61-79.
Toyserkani, E., A. Khajepour, and S. Corbin, 3-D finite element modelling
of laser cladding by powder injection: effects of laser pulse shaping on the
process. Optics and Lasers Engineering, 2004. 41: p. 849-867.
Kim, J.-D. and Y. Peng, Melt pool shape and dilution of laser cladding
with wire feeding. Journal of Materials Processing Technology, 2000.
104(3): p. 284-293.
Zhao, G., C. Cho, and J.-D. Kim, Application of 3-D finite element method
using Lagrangian formulation to dilution control in laser cladding process.
International Journal of Mechanical Sciences, 2003. 45(5): p. 777-796.

32

Paper A

CAD-support for heat input in FE-model

CAD-support for heat input in FE-model
Andreas Lundbäck
Computer Aided Design, Luleå University of Technology, 97187 Luleå, Sweden

Abstract
Fusion welding is one of the most used methods for joining metals. This method has largely been
developed by experiments, i.e. trial and error. The problem of distortion and residual stresses of a structure
in and around a welded joint is important to control. This is especially important in the aerospace industry
where the components are expensive and safety and quality are important issues. In this paper a method for
alleviating the definition of heat input will be presented.

1 Introduction
The developments during the last decades in welding simulations have lead to more
realistic models and thereby from simple 2-D to more and more complex 3-D models.
This automatically requires more effort when creating the computational models. The
general CAD-programs have simplified the generation of mesh very much. However,
there is also need for a specific support when creating welding models. The purpose of
this paper is to present an approach that will alleviate the creation of complex welding
models. The user can then focus on modelling issues, like amount of heat input, material
modelling etc., instead of tedious work defining the heat input via the normal input file to
the finite element code. The heat source should be able to move along any general 3D
curve. The basic idea is that the user defines the weld path in a CAD-program with the
geometry as basis. This information is later processed in a FE-program by user-defined
routines in order to create nodal heat input corresponding to the weld for the finite
element model. The heat source is represented by a double ellipsoid but any heat input
model can be implemented. Element activation is used to connect the elements along the
weld path. Feedback regarding energy input is given to the model, which in turn adjusts
the heat input so that correct amount of energy is given into the model. It is hoped that
this simplification of the process of modelling welding will contribute to make
simulations more commonly used in the industry.

2 Increasing complexity of models for welding
simulation
As the computational capacity is increasing and the FE-solvers are getting more efficient,
the size of the used FE-models is steadily increasing. Lindgren1 states that the welding
simulations “are currently only used in applications where safety aspects are very
important, like aerospace and nuclear power plants, or when a large economic gain can be
achieved”. One reason why welding simulation is not used in “everyday practice” is of
course the required computer capacity. But the main reason is probably the lack of

expertise in modelling and simulation and the difficulties in getting temperature
dependent material parameters, especially in the high temperature range. Figure 1 is taken
from 1 and shows the increasing sizes of models.
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Figure 1. Size of computational models of welding measured by degree of freedom multiplied by number
of time steps versus year of publication of work.

Due to the increasing size of the FE-models, the industrial applications are also becoming
more common with more complex geometries as a consequence. This leads to a need for
special designed user tools, see Figure 2. One example is the development of finite
element codes so that they can be used for welding simulations. In the early 1970’s the
first 2-D welding simulations appeared by for example Ueda and Yamakawa.2 Since then
the progress has led to extended models in 3-D, larger models and more complex
geometrical models. Ueda et al.3 and Wang et al.4 studied the effect of using
instantaneous and moving heat source in a three-dimensional simulation of a pipe-plate
joint. Their recommendations were that a three-dimensional model with a moving heat
source was preferred. In this paper a method for introducing a moving heat source into
the model is presented. This method can be related to as one of the special designed user
tools, as described in figure 2.
Increased size of models
More industrial applications
More complex geometry

Need for special designed
user tools

Figure 2. Increased size of models give rise to a need for special designed user tools.

3 Implementation of CAD-support for heat input
As discussed earlier, the over all complexity of the FE-models is increasing. In this
section a method for alleviating the creation of the geometrical complex models of
welding will be presented. The basic idea of this method is to give the user a tool so that
the weld path can be defined along any general 3-D curve. A CAD-system, which
contains the geometrical- or FE-model, is used to define the weld path. Figure 3
illustrates the communication between the CAD- and the FE-system. The element mesh
can be created in the CAD- or in the FE-system, but if the mesh is created in a FE-system
then it has to be imported to the CAD-system to be able to define the weld path and the
relation between the mesh and the weld path.

CAD

Input file for
FE-model

FEA
User
subroutines

Weld path
Data

Figure 3. Structure of data flow between the CAD- and FE-program.

A more thorough description of what is to be done in each program will follow in the
subsequent sections.

3.1 Generation of weld path in CAD-system
The weld path where the heat source is to be applied is defined by n discrete points
equally positioned along the weld path. The number of points along the weld path
depends on the curvature. To be able to set the direction of the arc a second curve, which
will be referred as the “reference-curve”, must be added. In most cases the referencecurve can be created as a copy or as an offset of the weld path. One example of how the
reference-curve can be created is shown in Figure 4 a). A surface is swept between the
two pipes, which form a “collar”, and the edge of that surface can be used as referencecurve. Along the reference-curve n discrete points will also be placed equally spaced. By
using these two curves the user can now determine the welding direction and the start and

end point of the weld. Another parameter, α, is added to be able to define the rotational
direction of the heat source, i.e. the arc, see Figure 4 b). The coordinates of the points
along the weld path are then written to a file, “weld path data” in Figure 3, which later
will be processed by the FE-program.

Reference-curve

Weld path

Rotational direction
of arc handle
a

Edge where the
reference-curve is placed

.

.

a)

b)

Figure 4. (a) T-pipe with weld path, reference-curve and swept surface, (b) Plate with stiffener where the
parameter α is used.

3.2 Processing of weld path by user subroutines in FE-program
During the initialisation of the simulation, a subroutine will read the data from the file
created earlier in the CAD-program.
The coordinates of the discrete points that define the weld path will, together with the
predefined welding speed and the current time in the simulation, determine where the
origin of the heat source is. This information is also used for deactivation and activation
of elements, i.e. filler material. The model for the heat source that is used is the “double
ellipsoid” heat source given by Goldak et al.5 The definition of the model can be found in
Figure 5 and Equations 1-3. This model was originally developed for TIG-welding
simulations. Goldak et al.6 later presented a conical heat source that was more appropriate
for laser beam and electron beam simulation. The double ellipsoid heat source model can
though also be used for simulation of the laser beam welding if it is on a thin plate,
Berglund et al.7
Other, more advanced, heat source models have been developed. Sudnik et al.8 uses a
quasi-static thermodynamic model for determining the geometric characteristics and the
temperature fields of the laser beam weld. In this method the technological parameters of
the welding process are used as inputs to the model. This makes it easier for the engineer

to perform welding simulations since it uses, for the engineer, well-known parameters.
One obstacle still remains and that is to couple the heat source model to the FE-model.
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Figure 5. Definition of double ellipsoid heat source model.

Depending on if x is positive or negative, ξ equals f or r, see Figure 5.
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The sum of the fraction, f, between the heat deposited in the front and the rear quadrant
must equal two, that is.

f f + fr = 2

(2)

To get continuity in the equations when x = 0 the following condition must yield
ff =

2a f
a f + ar

(3a)

or
fr =

2 ar
ar + a f

(3b)

The boundary limit of the heat source is defined as the region where the heat input has
been reduced to 5% of the peak value. In Figure 6 the distribution of the heat input and
the 5% cut off limit are illustrated.

Figure 6. Heat input distribution at the top surface for the double-ellipsoid heat source model.

In each time step the position of the heat source will be calculated, that is, the point on
the weld path that will define the origin of the heat source. A subsequent point on the
weld path and the point that is set as the origin define the welding direction. A
corresponding point on the reference-curve defines together with the α -parameter the
rotational direction of the arc handle.
Feedback regarding the total energy input from the heat source in each time step is
given to the model. This information is used to adjust the heat input in the following time
step, which ensures that the sum of the total energy given into the model in each time step
is correct.
In a thermo-mechanical simulation the weld path will also be used to deactivate and
activate elements along the weld path as mentioned earlier. The technique that is used for
finding the elements that should be deactivated is a “box-search” technique. That is, a
box is defined with proper dimensions and swept along the weld path. The elements that
are inside the defined box will be deactivated when the simulation is initiated. Activation
of these elements will occur when the origin of the heat source reaches the element.
Different techniques for activation may be used, i.e. “quiet elements” (where the stiffness
is very low when the element is inactivated) or “born dead” techniques (where the
element that is inactivated are not assembled to the system of equations until they are
activated). Depending on which technique is used, different problems can occur when the
elements are to be activated. If the quiet elements technique is used convergence
problems can occur due to the difference in the stiffness in the elements. On the other
hand if the born dead technique is used the stiffness matrix has to be renumbered each

time an element is activated. Severely distorted elements can occur due to large
deformations with either of these two techniques.
Lindgren & Hedblom9 have developed a technique to control the volume of the
activated elements, i.e. the filler rate, which also minimizes the element distortion. This
technique was applied for a 2-D model but it can be expanded to 3-D models. If the
simulation is purely thermal the de-/activation technique is not necessary.

4 Applications
Here are some examples of welding simulations that were performed using the described
method. In Figure 7 a), “the Graz flag”, a thermal welding simulation on a shell mesh is
performed. This simulation is of course of no realistic relevance, but it shows that a weld
with a complex weld path can be modelled without too much effort by the user. To get an
illustrative temperature field, the material has no thermal conductivity. The weld path for
the T-pipe in figure 7 b) is also easily modelled with the CAD- FE-program interface.
Figure 8 a) shows a thermo-mechanical welding simulation performed on a shell mesh.
The geometry is two sections of a tail bearing housing (TBH), the outer ring and the
vanes. This is a component of an aero engine and the outer ring has a diameter of
approximately 1,2 m. Figure 8 b) shows the actual component.

a)

b)

Figure 7. Examples of thermal welding simulations that can be performed using the CAD- FE-program
interface. (a) “Dummy weld simulation” which forms the text “Graz 2001”, the temperature field in °C is
shown on the fringe scale. (b) Welding simulation of a T-pipe, same pipe as described in figure 4 a), here it
is also the temperature field in °C that is shown on the fringe scale.

a)

b)

Figure 8. (a) Two simplified sections of a tail bearing housing, from an aero engine, are joined in a thermomechanical welding simulation. The variables shown are the temperature field in °C, deformed shape and
the contours of the undeformed model, deformation scale factor is 20. (b) Photo of the tail bearing housing
component.

5 Concluding remark
A method for alleviating the definition of heat input has been implemented and
demonstrated. Although I-DEAS has been used as CAD-system and MSC.Marc as FEsoftware, the method and the subroutines that have been written are general and can be
used with other CAD- and FE-systems also. The only requirements are that the CADsoftware must be able to generate a file containing the weld path defined on the model
and the FE-software must be able to create the heat input via user routines.
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ABSTRACT: A three-dimensional model was used to simulate laser welding of two stainless steel plates. The
heat input was simulated as a moving heat source. Elements where activated along the welding path in order
to account for the joining of the material. Large deformations, temperature dependent material properties, volume changes due to phase changes are included in the model. Experiments have been performed in order to
evaluate the accuracy of the model.
1 INTRODUCTION
Joining structures with laser welding is getting more
common in the aerospace industry because of the
smaller heat effected zone and less deformation
compared to arc-welding processes. This is due to
the more concentrated heat source. A small fusion
zone requires that the gap and the mismatch between
the plates are kept to a minimum.
A simulation tool would decrease the number of
weld trials and thereby reduce the cost. When creating a numerical model, the aim is to implement the
physical behaviour of the process into the computer
model. However, it may be necessary to compromise
between accuracy of the model and the required
computational time. The finite element method has
been used in simulation of welding since the early
70:ies (e.g. Ueda et al 1971a, 1971b, Hibbitt & Marcal 1973). However, considering geometrical complex details and/or fluid flow in the melted zone
welding simulations are still a challenge. Mainly
two-dimensional analyses have been performed until
the end of 80:ies. Then the first simulations using
three-dimensional models were performed (Lindgren
& Karlsson 1988).
It is usually necessary to apply three-dimensional
models for complex structures. Still threedimensional analyses are restricted to plates, pipes
and similar simple structures. The main reason for
this is lack of computational power. The physics of
the welding process in the molten zone is not well
understood and not possible to simulate combined
with a complex structure. One can perform distortion
simulations with an acceptable accuracy using a
simplified heat source and material description for
this zone. It’s necessary to verify the material prop-

erties, heat source parameters and the simulation
method before performing a welding simulation of a
complex geometry.
This paper describes one method to verify deformation modes when performing a welding simulation. The deformation studied in this case is a combination of the “butterfly” effect, case 2 in Figure 1
and the longitudinal bending behavior, case 5. This
combined deformation is referred to as the bending
mode. The second deformation of interest is the gap
between the welded plates. The geometry of the
welded plate is in this case 190×100×1.7 mm.
2)

1)

3)

v

4)
u

y

6)

∆L

x
5)

1/κy

1/κx

Figure 1. Deformation modes.

2 EXPERIMENTAL SETUP
A Nd-YAG laser with a feeding wire system see
Figure 2, was used for this experiment. The focal
length was 100 mm and the welding speed was kept

constant at 30 mm/s. A stable keyhole was achieved
with a laser power of 2.5 kW.
The experimental setup was designed to obtain as
large, controlled deformation of the test plates as
possible. The plates, see Figure 3, were fixed as a
cantilever beam to be able to observe the gap and the
bending behavior during and after the welding process. The plate halves were clamped without any gap
by a 20 mm thick steel plate and two force sensors
measured the clamping force. The plates were held
in position by a support at each side to minimize any
movement behind the clamping area. An extensometer measured the gap in front of the plate and an
LVDT-gauge was used to register the bending behaviour. The bending behaviour was measured at
point 3 in Figure 3. To avoid damage to the measurement equipment the ending point of the welding
was 25 mm from the edge of the specimen, point 2
in Figure 3. Three thermocouples were positioned
perpendicular to the weld direction. The first gauge
was positioned as close to the melted zone as possible and the second and third, a couple of millimeters
from the other, points 4, 5, and 6 in Figure 3. The
temperature measurement worked as verification for
the heat input. The sampling frequency for all gauges
was 30 Hz.

3
2

1
6
y
5

x
4

Clamping area

Figure 3. Experimental setup.
Table 2. Position of points in Figure 3.
Point no
x
mm
1
0
2
0
3
47
4
5
5
3
6
2

y
mm
0
120
142
50
52
53

Edge support

3 COMPUTATIONAL MODEL
Clamping plate

Force elements

Laser
Feeding wire
Extensometer
Thermocouples

LVDT-gauge

Figure 2. Experimental setup.
Table 1. Heat source parameters.
Parameter
Power
Efficiency
a
b
cf
cr

2500 W
60 %
2.0 mm
3.4 mm
1.5
1.0

The primary aim of the numerical model was to predict the deformations measured in the experiment.
The Finite Element program MARC was used.
Simulations of large models in three dimensions
are time consuming. Two ways of reducing the computational time is adaptive meshing or parallel computing. A comparison of these approaches is shown
in this paper. A double ellipsoid heat source was
used to simulate the laser beam heat input, see Figure 4. Four quadratic elements are required along
each axis to capture the inflection of the Gaussian
distribution (Goldak et al. 1985). The parameters a
and b, see Figure 5, were adjusted to obtain the correct heat flux input and correct shape of the melted
zone. The heat source parameters used in the simulation can be seen in Table 1. Heat loss to the surrounding was neglected. The welding path was generated separately in the solid modeller I-DEAS. The
thermo-mechanical analysis was performed as a
staggered approach as the updating of the geometry
in the thermal analysis is one time step behind. The
heat generated by the deformation was ignored. An
updated Lagrangian formulation was used in the mechanical analysis. Large deformation and large
strains were accounted for and an additive decomposition of the elastic, plastic and thermal strain rates
was assumed, see Equation 1.

(1)

This can be motivated, as the elastic strains are
small. The elements along the welding path are deactivated initially in the mechanical analysis. These
elements don’t contribute to the stiffness matrix but
are active in the thermal part. The elements are activated when the centre of the heat source will be
within the element during the next time step. The
elements used are eight noded brick elements and
the temperature through the volume of the element is
assumed to be constant.
Flux q

upper curve in the dilatation figure was followed.
Depending on the top temperature different curves
were followed during the cooling phase. The lower
curve in Figure 6 was followed if the top temperature had been higher than at point 1. Otherwise the
upper curve was followed.
0.012

2

1

0.01
0.008

Dilatation, ε th

ε& tot = ε& e + ε& p + ε& th

0.006

3

0.004
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0
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Figure 6. Thermal dilatation.

Figure 4. Double ellipsoid heat source.
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Figure 5. Heat source vs. mesh.

3.1 Material Model
The material used in this paper is a martensitic
stainless steel. The microstructure will change during welding because of the high temperature and
high cooling rate in the melted and heat effected
zone. The microstructure will affect the mechanical
field due to the volume changes during phase transformation. The normal thermal expansion and the
contribution from the volume expansion are added
together to a term called thermal dilatation. Point 1
in Figure 6 shows the starting point for ferriteaustenite transformation and at point 2 have all ferrite transformed to austenite. The martensitic transformation starts at point 3. The dilatation test in Figure 6 was performed with a heating rate of 100 °C/s
and a cooling rate of 10 °C/s. During the heating the

180
160
140
120
100
80
60
40
20
0
500

1000

λ [W/m· ºC]

Figure 7 shows the temperature-dependent thermal
properties (conductivity and heat capacity) used in
the analysis. When the material reaches the solidification temperature the thermal conductivity was assumed to increase five times to initiate the fluid flow
in the melted zone. The latent heat is 338 kJ/kg and
the solidus and liquidus temperatures are 1480 and
1600 °C, respectively.

1500

Temperature [ºC]

Figure 7. Temperature dependent thermal conductivity, λ and
heat capacity, c.

The following temperature dependent material properties were needed for the mechanical analysis,
Young’s modulus E, Poisson’s ratio ν, and the yield
stress σy, see Figure 8. A cut off temperature of 1500
°C was used in this analysis. This means that if the
temperature is higher than 1500 °C, then the material
properties were evaluated at the cut off temperature.
The plastic behavior of the material is described by
the von Mises yield function and no hardening was
accounted for. Accumulated plastic strains were removed when an element was melted.

σy

600
500

ν

400
300
200

E

100
0
0

500

1000

1500

Temperature [ºC]

Figure 8. Temperature dependent mechanical properties, yield
stress σy, Young’s modulus E, Poisson’s ratio ν.

3.2 FEM-model using adaptive meshing.
The approach to use adaptive meshing reduces the
number of elements in the beginning of the analysis.
Elements are added by splitting original elements
along the weld path. Each split element creates eight
new ones. The new elements can in turn be split
again, but in this model a restriction was set to one
level of splitting. Whether an element is to be split
or not is determined by the calculation of the relative
temperature gradient in the actual element, which is
compared with the maximum temperature gradient
in the model, see Equation 2.
gradient
>f
maximum gradient

1000
900
800
700
600
500
400
300
200
100
0

Measured
Calculated

0

20

40
60
Time [s]

80

100

Figure 9. Measured and calculated temperature history for
points 4, 5 and 6.

(2)

In this model the value of f is set to 0.75. That is, if f
exceeds 0.75 the element will be split. The model
contained initially 7000 elements and 10908 nodes.
No coarsening of the mesh was used since it is
not supported in the code and a denser mesh is
needed to describe the residual strains and deformations.

a)

600

Hardness [HV]

E [GPa], σy [MPa]

700

450 MHz Sun Ultra 60 with 2 GB ram. The simulation with the adaptive meshing technique was not
completed because of convergence problem after 2.1
s. The adaptive and parallel models show similar deformation behaviour during the heating sequence.
The measured and computed temperature at point 4,
5 and 6 are shown in figure 8. The computed temperatures are all lower than the measured. The position of the sampling points in the computational
model were not the same as in the experiment, see
Table 2. The shape of the calculated and measured
fusion zone is approximately the same but the top
side of the weld is higher in the measured case, see
Figure 10b.

Temperature [ºC]

0.5
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0.2
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0.1
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0

800

500
400
300
200
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b)

0.5
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2
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Distance [mm]

3.3 FEM-model using parallel processing.
The simulation model can be subdivided in a number
of sub models (domains). Each domain is calculated
on a different processor and a iterative procedure assemble the sub solutions to the global solution (Marc
Analysis Research Corp 1998). The finite element
mesh used in this model had 40500 elements and
51038 nodes during the whole simulation. The number of elements through the thickness of the plate
along the weld path was six. A time step of 0.027
was used during the welding sequence but changed
adaptively during the cooling phase.
4 RESULTS
The computational time for the parallel FEM-model
was approximately 7 days and was performed on a

Calculated

Measured

Figure 10. a) Hardness test. b) Measured and calculated fusion
zone.

A hardness test was performed to verify the martensite transformation model. The hardness increased
significant up to 2 mm from center of the weld as
shown in Figure 10a. The hardness has increased
from 270 HV in the base metal, to a value of 500
HV in the center of the weld. The measured and cal-

culated deformation behavior can be seen in Figure
11 and 12.
The computational model, predict the bending
behavior with acceptable accuracy during the heating
sequence but not during the cooling phase. The
bending deformation, stabilize at 0.3 mm during the
cooling phase but the computed deformation decreases rapidly to a value of 3 mm after 100 s.
The computed and measured gap diverges after
0.4 s. The final gap in the computational model is
four times larger than the measured one. The behaviour during cooling has the same tendency in the experiments as in the simulation as can be seen Figure
12.

Displacement [mm]

Heating
0
0.01
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-1

0.1

Calculated, am

1
Time [s]

Cooling

10

100

Measured

-1.5

Calculated, pm

-2
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Figure 11. Bending behavior.
Heating

Displacement [mm]

1.2
1
0.8

Cooling

Calculated, pm

The measured temperatures were all higher than
the calculated, see Figure 9. One uncertainty is the
high thermal conductivity used in the model. A regular stainless steel have a conductivity between 13
and 16 W/m⋅K according to Incropera & DeWitt
(1996). Another uncertainty is the efficiency of the
laser because of the bending and change in gap during the welding process which will change the absorbed power (Lampa et al. 1995). An error in the
thermal field will effect the deformation behaviour.
This is one of the reasons to the exponential increasing error of the gap in the computational model. According to Jonsson et al. (1985) has the thermal dilatation a large influence on the change in gap width.
The hardness test shows the existence of phase
transformation up to 2 mm from the weld centre.
The hardness is decreasing from its maximum value
of 500 HV at 1 mm, to 300 HV 2 mm from the weld
centre. This is not the case for the computational
model where martensite is assumed to be created as
soon as the temperature has been higher than the initial ferrite-austenite temperature. This assumption
gives a larger amount of created martensite in the
model, which affects the change in gap. Another parameter that will influence the deformation behaviour is the high yield stress of the created martensite
phase.
The existing numerical model can predict the gap
behaviour and the bending during the cooling phase,
but the absolute value of the deformation is not possible to predict.

Calculated, am

0.6
0.4
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Paper C

Validation of three-dimensional finite element
model for electron beam welding of Inconel 718

Validation of three-dimensional finite element
model for electron beam welding of
Inconel 718
A. Lundbäck*1 and H. Runnemalm2
A three-dimensional finite element model for the prediction of the distortion and residual stresses
induced during electron beam welding is described. The model is validated by butt welding
experiments on two Inconel 718 plates. A particular effort is made to determine a good model for
the heat input. A combined conical and double ellipsoid heat source is used to model the deep
penetration characteristic of the electron beam and this source is calibrated using the results from
a separate thermodynamic simulation, using the ELSIM finite difference code. Parallel
computation is used to reduce the overall simulation time in the coupled thermomechanical
simulation of welding. The agreement between calculations and experiments is good with respect
to the residual stresses. Measured and computed deformations agree qualitatively although they
differ in magnitude.
Keywords: Simulation, Electron beam welding, Heat source, Validation, Inconel 718, Parallel computation

Introduction
The present paper describes the development of a
welding model and its validation to ensure the predictive
capability of welding simulations for an aeroengine
component. The validation strategy follows the proposal
by Berglund and Alberg1 and is a subsystem model
according to their definition. The validation case is a
butt weld in Inconel 718 plate. The heat affected zone
was measured and a special code developed by Sudnik
et al.2 was also used to predict the fused zone (FZ). This
information was used to calibrate the heat source model,
which is a combination of a conical heat source and the
double ellipsoid heat source developed by Goldak et al.3
Residual stresses and deformations are measured and
compared with simulations. A fairly good agreement
was obtained between measurements and simulations.

Background
Manufacturing simulations can be used to support the
design of manufacturing processes. Thus, in welding, it
is possible to evaluate the effect of different fixtures,
welding parameters, etc. on the deformation of the
component. It is also possible to optimise a chain of
manufacturing processes where welding is one step, as in
for example the combined effect of welding residual
stresses and post-weld heat treatment. Furthermore, it is
possible to evaluate the effect of the manufacturing
process on the in service behaviour of the component.
1
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The current work is part of the EC funded
‘Manufacturing and modelling of fabricated structural
components’ (MMFSC) project. One of its workgroups
has the scope to predict component behaviour during
manufacturing. Specifically, four major processes have
been investigated, namely, forming/forging, welding,
heat treatment, and machining. The approach within
the MMFSC project is first to validate the simulation
model of each manufacturing process for a simple
geometry. When each individual simulation model is
validated, then the simulation of a chain of manufacturing processes will be performed. Each manufacturing
process is simulated by different participants within the
MMFSC project. The work at Volvo Aero Corporation
(VAC) and Luleå University of Technology has been
focused on the welding and heat treatment processes.4–6
Different finite element (FE) programs are used for
simulating each process and therefore a ‘neutral’ format
is used to store the results at the end of each process. The
Abaqus ‘.fin’ format is selected as the neutral format to
store the geometry, nodes, and topology, and the results
such as plastic strains and residual stresses.7
These models will be applied subsequently for the
simulation of the fabrication of a structural component
used in an aeroengine. The component is a tail bearing
housing (TBH) and is shown in Fig. 1. The TBH
supports the rear engine mountings. Hot gases (up to
700uC) flow around the TBH, and therefore the material
Inconel 718 is used owing to its good high temperature
properties.
The safety requirements and the high costs of
performing experiments to find different manufacturing
routes are the motivation for VAC to increase the use of
simulations in the design of components as well as in
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3 Clamping device and plates to be welded
1 Tail bearing housing (TBH) on generic aeroengine

their manufacture (see Fig. 2). The use of the same types
of model in both the development of the manufacturing
process and the design of the component will also
facilitate communication between the manufacturing
and design departments. The use of simulation also
presents the opportunity to create a digital ‘copy’ of the
manufactured component that can be subjected to the
same loadings as the component in service. Loading
conditions can be obtained via sensors from the engine
in flight. The model can then be used to support
maintenance of the component.

Experiments
The validating case (subsystem model) consists of two
Inconel 718 plates that are welded together. The sizes of
the plates are 10064067 mm and 10064066 mm and
they are shown, together with the clamping device, in
Fig. 3. The plate with the thickness of 7 mm had a
161 mm lip, which served as a root support (see
enlargement in Fig. 3). The plates were first tack welded
together without any gap between them and then butt
welded. The distance from the weld centre to the
clamping device is 10 mm. The plates had been
precipitation hardened before welding. The parameters
of the electron beam (EB) welding procedure are given
in Table 1.

The incremental hole drilling technique was used to
measure the residual stresses. The positions of the hole
drilling measurements can be seen in Fig. 4 and Table 2.
The measurements at positions 1 and 6 represent the
initial state of the plate since it is assumed that the
stresses induced by the welding process are negligible at
such a distance from the weld centre. Positions 2 and 3
are located symmetrically 3 mm from the weld centre
and positions 4 and 5 are located in the middle of the
plate, 3 and 13 mm from the centre, where the EB weld
process is considered to be stable.
The distortion measurements in the present work were
carried out using an optical surface measurement
machine. The butterfly angle, defined in Fig. 5, of the
plate after welding is measured at three positions,
namely, 5, 50, and 95 mm from the start point of the
weld in the welding direction.

Numerical model
The FE simulation presented in this paper is a coupled
thermomechanical simulation. For the coupling between
the thermal and the mechanical part, the staggered
approach is employed. In the staggered approach the
updating of the geometry lags one step behind in the
thermal analysis. The code used is the implicit FE code
MSC.Marc (MSC.Software, Santa Ana, CA, USA). An
updated Lagrangian approach was used in the large

2 Use of computer models for design of components, manufacturing routes, and maintenance
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5 Definition of butterfly angle

4 Welded plate with strain gauge positions

deformation analysis and additive decomposition of the
strains was assumed in combination with the hypoelastic
material model used. To avoid locking, an underintegrated element with respect to the volumetric strain
was used. All plastic dissipated energy was converted
into heat. The elements in both the thermal and
mechanical analyses have linear shape functions.
Therefore a constant temperature was transferred to
the element in the mechanical analysis, to ensure that the
mapping between the thermal and mechanical strains
would be consistent. To reduce the total wall clock time
when performing the simulation, parallel computation
was employed. The model is divided into subdomains
and a separate solution is obtained for each domain. An
iterative procedure then assembles the local solutions
into a global solution for the whole model.8 The time
taken to obtain the solution was approximately 12 h on
six 1900 MHz PC–Linux machines with 100 Mbit
connections. The increase in speed using different
numbers of processors can be seen in Table 3. The scale
factor S is defined as
S~

t1
ntn

where n is the number of processors and tn is the wall
clock time used for the job on n processors.
The model in the above example contained 17596
eight noded brick elements and 20804 nodes. The model
that was used subsequently contained approximately

twice as many elements, i.e. 35392 elements and 39064
nodes. The size of the elements in the weld region is
0.3360.561 mm and the whole mesh can be seen in
Fig. 6. Symmetry could not be used since both the
mechanical and thermal boundary conditions were
unsymmetrical and the plate halves have different
thicknesses (see Fig. 3). A time step length of 0.5 s
during welding ensured that the heat source travelled
only half the length of an element in the weld region for
each time step. The total time for the welding phase is
10 s. An adaptive time stepping method was used for the
cooling phase, which comprised 62 increments and a
total time of 1000 s, after which the plates had cooled to
room temperature. After cooling, the plate was
unloaded from the fixture in a single time step. During
welding and cooling the nodes that belong to the area
that would have been in contact with the fixture are fixed
in all directions. In the unloading step, a pin joint at one
end of the plate and a simple support at the other end
replaced the fixed nodes used in the previous steps. The
heat transfer between the plate and the fixture is imitated
by a high convective heat transfer of 1200 W m22 K21.
Heat losses due to radiation are not taken into account
in the model, and free convection is also omitted as the
welding process was carried out in a vacuum. The heat
loss due to radiation is, in some sense, taken into
account in the efficiency parameter (see Ref. 9).
Element death and birth are achieved by first
deactivating one element row along the weld path,
except for the elements that represent the tack welds.
This occurs in an initial dummy step. The elements are
subsequently activated to model the fusion of the plates.
Thermal and mechanical activation is separated to
enable the element to be heated thermally but not
contribute to the mechanical stiffness. The condition for
mechanical activation of an element is set as a distance
relative to the position of the origin of the heat source.
In the present model the distance was set to 4 mm,
which is approximately the distance at which the
temperature in the elements is such that they are
entering the solid phase from liquid. The distance ahead

Table 1 Input values for electron beam welding procedure
Voltage, kV

Current, mA

Lens current, mA

Lens diameter, mm

Work distance, mm

Speed, m min21

140

10

2175

10

400

0.6

Table 3 Computational time t as function of number of
processors used n

Table 2 Position of strain gauges
Position

X, mm

Z, mm

n

t, s

S

1
2
3
4
5
6

10
37
43
43
53
10

10
10
10
50
50
90

1
2
3
4
6

137262
70076
52919
46495
43232

1.0
0.98
0.86
0.74
0.53

S scale factor (see text).
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of the origin of the heat source at which the elements
are thermally activated is not as critical as for the
mechanical activation. This is because the heat conduction in the welding direction can be neglected so a
sufficiently long distance can readily be selected. In
practice, for single pass welds all the elements could
most probably be thermally active during the whole
simulation. It should also be noted that the tack welds
are not simulated, so these elements are left active in
their nominal material state without any residual stresses
from the tack welding procedure.

Heat input model

constant through the depth. If dc is set to 0, then the
intensity will decrease linearly to zero at the depth bc.
The parameter bc should be equal to the thickness of the
plate. The formulae are presented in the Appendix. The
values of the heat source parameters used in the model
in the present work are given in Table 4.
The total energy input into the model is related to the
physical parameters according to equation (1), where
U is the voltage, I the current, and g the total efficiency
of the process
ð
ð
(1)
UIg~b qeðx,y,zÞ dV z(1{b) qcðx,y,zÞ dV
V

A combined heat source, which is described in the
Appendix, is used to model the temperature fields
obtained in the thermal simulation and from the
experiment. The first part in equation (2) is the double
ellipsoid presented by Goldak et al.3 The notation used
for the double ellipsoid in equations (3a) and (3b) can be
seen in Fig. 7. The second part is a double elliptic cone
and is defined in equations (4a) and (4b). The parameter
b represents the relative contribution by the two heat
sources.
The geometric parameters a, b, and c (see Fig. 7 and
Appendix) have the same meaning for the ellipsoidal
and conical heat source. The conical heat source has also
an additional parameter dc. The parameter dc is a
normalised parameter and can be given a value between
1 and 0. The energy intensity of the conical source has a
Gaussian distribution in the x–z plane as does the
double ellipsoid heat source (see Fig. 7). However, it has
a linear decrease through the depth which is controlled
by the parameter dc. That is, if dc equals 1 then the
energy intensity, along a line parallel to the y axis, is

V

The integrals are taken over the domain V of the source
as represented in equation (1). A cutoff limit when the
energy input is lower than 5% of the peak value is
applied for the combined heat source, as proposed by
Goldak et al.3 The energy loss due to the cutoff is
compensated with a scale factor. It is updated in each
time step and scales the applied heat input to obtain the
desired nominal heat input into the model. Due to the
discretisation of the model, i.e. the use of finite elements,
the energy input will generally be lower than if it were
analytically integrated over the domain as in
equation (1). This is mainly a problem if an ‘excessively
coarse’ mesh is used, which often occurs when welding
simulations are performed owing to computational
limitations. This energy loss is also compensated for
with the scale factor, described above.
The results from a thermodynamic simulation, performed using the finite difference code ELSIM, have
been used to calibrate the temperature field in the
thermal FE analysis. The width of the fused zone in the
cross-section can readily be measured in the experiment:
this measurement was also carried out. Conversely, the
FZ in the welding direction is in practice impossible to
measure experimentally and therefore the result from the
simulations using ELSIM has been very helpful when
calibrating the heat source parameters in the FE
analysis. The ELSIM code is based on the software
DB–LASIM for simulation of the laser beam welding
process, presented by Sudnik et al.2 It solves the
Table 4 Values of heat source parameters used, mm
Parameter ae

7 Definition of
parameters

double

ellipsoid

and

characteristic

Value

be

cef

cer b

1.7 0.2 0.2 3

ac

bc

ccf

ccr dc

0.1 0.7 6.75 0.5 1.5 0.8
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9 Temperature field resulting from
ELSIM finite difference software

8 Input interface for ELSIM software

quasistationary energy equations for the thermodynamic
state. The software is capable of calculating the vapour–
liquid interface and liquid–solid interface positions and
the weld reinforcement. These results are obtained by
solving different partial models in an iterative process.
These partial models are energy balance equations for
each subregion or interface and their interactions.
Another important result obtained from the software
is the efficiency of the process. The efficiency can be used
directly as an input into the FE model. The input to the
software consists of the operating parameters set by
the operator of the EB welding machine: an example of
the input interface is shown in Fig. 8.

Material model
The material model used in the analysis is a thermoelastic–plastic model and the material is the nickel based
superalloy Inconel 718. Inconel 718 is a high temperature, high strength material that is commonly used in the
aerospace industry in applications that can be considered ‘hot’. In this context, ‘hot’ denotes that in service,
the temperature is continuously held at 500uC and
above. The tail bearing housing is such a component.
The material properties used in the FE model are all
temperature dependent, except for Poisson’s ratio. The
material mechanical properties are not defined for
temperatures as high as those required in the present
model. The values of those material properties have been

simulation

using

extrapolated up to 1300uC and thereafter left
unchanged. The thermal properties, namely, conductivity and heat capacity as functions of temperature, are
derived from Mills.10 The latent heat in the solid/liquid
transformation is separated from the specific heat curve
and it was assigned the value 260 kJ kg21 in the interval
1260–1335uC. The mechanical properties are compiled
from various sources. Young’s modulus is derived from
Zhang et al.11 The virgin yield limit versus temperature
can be found in Busch et al.12 The hardening behaviour
was measured from experiments performed within the
MMFSC project. The thermal expansion is obtained
from Babu et al.13 Poisson’s ratio is held constant at
0.29. The variation of Poisson’s ratio as a function of
temperature has been shown to affect the result, with
respect to global distortion and stresses, very little.14

Results
The temperature field obtained from the ELSIM
simulation can be seen in Fig. 9. This result was mainly
used to calibrate the thermal field in the welding
direction. As can be seen in Fig. 10, the fused zone,
highlighted with dashed lines, agrees fairly well with the
experiment in the transverse direction, except that full
penetration has not been achieved in the FE model. A
comparison between the results from ELSIM and the
FE model in the longitudinal direction shows that the
thermal fields in this direction are also fairly well
captured in the FE model. The efficiency g was
calculated to be 93% in the simulation with ELSIM,
which would yield a net power input of 1302 W. In
contrast, in the FE model a value of 1540 W was used to
obtain a similar temperature field. This is equivalent to
an efficiency of 110%.

10 Comparison of fused zone between experiment (photograph) and finite element simulation
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11 Butterfly angle obtained from experiment and FE
simulation: simulations a and d are base models,
with model d having finer mesh; model b has larger
tack welds, and filler elements are activated earlier in
model c

Deformations
Figure 11 shows the results for the butterfly angle,
defined in Fig. 5, from the FE analysis compared with
the measured values. Four different simulations a–d are
compared. Simulation d is performed using twice as
many elements as simulations a–c, i.e. 35392 elements
instead of 17596. The parameters in simulation d are
equal to those used in a. Two parameters are varied in
simulations a–c, namely, the number of elements
representing the tack welds and the position of the filler

13 Residual stresses calculated and measured in a
transverse and b longitudinal direction 10 mm from
weld start, i.e. positions 1, 2 and 3 in Fig. 4

element activation. This implies that the size of the
tack welds has been varied. Furthermore, the
position, with respect to the heat source, at which
the elements are activated in the mechanical analysis
was also varied. In simulations a and b the position at
which an element is activated is the same, i.e. 4 mm
behind the centre of the moving heat source, but the
number of elements in the tack welds is 7 and 5
respectively. Thus the tack welds were 167 mm and
165 mm (width6depth), respectively. The number of
elements in the tack welds in simulation c is 5, but
activation occurs when the centre of the heat source
reaches the element. The slopes of the experimental
curve and the computed curves for simulations a and b
are the same. Conversely, there is a great difference in
the slope of the butterfly angle along the weld line for
simulation c.
Figure 12 shows the computed transient displacement for model d in the y direction for three points
along the longitudinal free edge of the unconstrained
plate. The total time taken for the heat source to
travel from the start to the end point is 10 s. When
the cooling phase starts, the increase of the butterfly angle is small and after approximately 15 s the
angle is constant throughout the rest of the cooling
phase.

Residual stresses
12 Transient deformation in y direction of three points
for model d, and schematic diagram showing location
of three points

The results from the hole drilling measurements and FE
analysis are presented in Figs. 13 and 14 for different
measurement positions. The stresses are evaluated at the
surface and at a depth of 1 mm. Figure 13 corresponds
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14 Residual stresses calculated and measured in a
transverse and b longitudinal direction 50 mm from
weld start, i.e. positions 4 and 5 in Fig. 4

to positions 1, 2, and 3 and Fig. 14 to positions 4 and 5,
as defined in Fig. 4. The agreement between the
measured and calculated stresses is reasonable in
both the transverse and longitudinal directions. The
maximum stresses are found in the longitudinal
direction and they are tensile with a magnitude of
y1200 MPa, whereas they are mainly compressive in
the transverse direction and about 700 MPa in magnitude. The experimental measurement of the stresses
at position 6 is not presented here since they were found
to be equal to those shown for position 1 in Fig. 13.
These measurements show that there are significant
stresses at the surface but that they vanish at some
depth.

3D FE model of EB welding of Inconel 718

to the deformation has also been investigated. When
using a heat input of 1302 W, i.e. 93%, instead of
1540 W the only difference in the deformations is at
the very start of the weld. The out of plane
displacement becomes less negative during the first
second but thereafter it has exactly the same shape as
the curves shown in Fig. 12.
The measured and computed butterfly angle results
in Fig. 11 show the same variation along the plate but
the measured angle is larger. The simulations performed show that the difference is not due to the
uncertainty in the size of the tack welds or the manner in
which the element activation is performed. Using a
model with a denser mesh shows the same tendency,
although the discrepancy in magnitude compared
with the measurements is worse. Stone et al.15 reported
a similar discrepancy between experimental and simulated results for a bead on plate weld on a 9 mm
thick plate in Waspalloy. They did not reach any
conclusion regarding this discrepancy, however. In the
review by Lindgren16 it is concluded that for a rigid
structure, and if the residual stress field is of interest, it is
sufficient to use a time independent material model
and cutoff temperatures. However, as in the present
instance, if the structure is flexible a time dependent
material model may be preferable. Bergheau et al.17
showed that the viscous effect has a marginal influence
upon predicted residual stresses but a significant
influence upon predicted residual distortions. An
extension of the present work is in progress, with
improved experiments, including transient measurements, and a focus on the importance of high
temperature material properties for the deformation of
structures with a flexible fixture such as that in the
present work.

Appendix
Summary of formulae for combined double
ellipsoid and conical heat sources
The combined heat source is represented in equation (2). It consists of two parts, i.e. the double ellipsoid
and an elliptic cone. The elliptic cone has a Gaussian
power distribution in the x–z plane and a linear
distribution in the depth (y) direction. The parameter
b represents the relative contribution by the two heat
sources
qcombiðx,y,zÞ ~bqeðx,y,zÞ z(1{b)qcðx,y,zÞ

Discussions
It was necessary to use an unrealistically high
efficiency of 110% for the heat input in the FE model.
The relatively coarse mesh used in this model offers
only a partial explanation for this problem. A test
performed with a thermal model, not shown here,
shows that the FZ and heat affected zone sizes
increased very little with a decrease in element size.
However, since a highly simplified heat source model is
used to model the complex physics of the electron
beam welding the inconsistency in the energy input
was accepted. Ultimately the energy input is transformed into thermal loads, via the temperature
changes, which are the driving force in the mechanical
analysis. The influence of the heat input with respect

(2)

where the frontal part in the double ellipsoid qe(x,y,z) is
defined as
pﬃﬃﬃ


6 3fef Q
x2
qeðx,y,zÞ ~
exp {3 2
3=2
ae
ae be cef p
(3a)

 

y2
z2
exp {3 2 exp {3 2
be
cef
and the rear part as
pﬃﬃﬃ


6 3fer Q
x2
qeðx,y,zÞ ~
exp {3 2
ae
ae be cer p3=2

 

y2
z2
exp {3 2 exp {3 2
be
cer

Science and Technology of Welding and Joining

2005

(3b)

VOL

10

NO

6

723
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The frontal part of the double elliptic cone is defined as


6fcf Q
x2
exp {3 2
qcðx,y,zÞ ~
ac bc ccf p(1zdc )
ac
(4a)

 

(1{dc )jyj
z2
exp {3 2
1{
bc
ccf
and the rear part as
qcðx,y,zÞ ~


6fcr Q
exp {3
ac bc ccr pð1zdc Þ

 
(1{dc )jyj
exp {3
1{
bc

x2
a2c



z2
c2cr



(4b)

The parameters fef, fer, fcf and fcr are the fractions
between the front and rear quadrants in the ellipsoidal
and the elliptic cone functions respectively. To obtain
continuity between the front and rear quadrants of the
functions they must obey equations (5a), (5b), (6a), and
(6b).
fef ~

2cef
cef zcer

fef zfer ~2
fcf ~

2ccf
ccf zccr

fcf zfcr ~2

(5a)
(5b)
(6a)
(6b)
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Abstract
This paper focuses on the use of simulations for welding and heat treatment. It presents the
validation of welding and heat treatment on a simple geometry. Transient temperature and
strain measurements are performed during welding. Residual stress measurements are
performed both after welding and after heat treatment. Comparisons between experimental
and simulated results show fairly good agreement. Using this experimental set-up, it has been
seen that the model is sensitive to buckling when releasing the plate from the fixture. The
possibility of buckling makes the model highly sensitive to the initial conditions. The buckling
tendency causes problems in the simulation and the experimental set-up is therefore less
suitable for validation of the models.
Introduction
This paper focuses on the use of simulations for welding and heat treatment in the
manufacturing chain. These manufacturing processes are common in the aerospace industry.
However, they can generate unwanted stresses and deformations, a fact that has to be taken
into consideration when designing or changing the sequence of manufacturing steps for a
given component. Whilst previous experience can offer some help, costly and time consuming
experiments are often required to evaluate component design, material selection, and
manufacturing schedules. The decrease in product development time has created a need for
more efficient tools to predict the effect of manufacturing methods and processes on the final
shape and properties of a component. Simulations can give valuable information about
component dimensions, shape, and residual stresses after each manufacturing process. These
tools can also give knowledge about the robustness of the process; i.e. the size of the process
window can be estimated.
It is important to ascertain the validity of these tools and models before they can be used in
aerospace industry. The current study is part of a project where the aim is to find procedures
to validate different sub-models before they are used in real industrial applications. The
current focus is on welding and stress relief heat treatment. Measurements of thermal and
mechanical quantities for the relevant processes on simple geometries are a step in the
validation procedure. It is important that the material tests and the geometry of the process
tests exercise the thermo-mechanical processes that are relevant for the application in scope.

1

This paper presents the validation of welding and heat treatment on a simple geometry. The
aim is to determine a suitable sub-model for validation. Two plates, made of Inconel 718, are
first tack welded and then butt-welded together and thereafter finally stress relief heat treated.
Residual stress measurements are done both after the welding and after the heat treatment
process. During welding, transient temperatures and strains are also measured using
thermocouples and strain gauge rosettes. Comparisons with simulations are presented and
discussed. Conclusions are also drawn regarding how appropriate this experimental set-up is
for validation purpose.
The finite element method (FEM) has been used since the early 1970’s to predict stresses and
deformations resulting from welding processes, Hibbit et al. [10] and Ueda et al. [11].
Welding simulation has been further investigated by many researchers e.g., Goldak et al. [1],
Oddy et al. [16], and Yang et al. [17] and several review articles on welding have been
written e.g. Lindgren [12]-[14]. Detailed heat treatment simulations have been carried out
before. For example Donzella et al. [18] predicted the residual stresses and microstructure in a
solid rail wheel whilst Thuvander’s [19] simulation of distortion due to quenching showed
good correlation with measured results. Combined welding and heat treatment analysis has
been carried out by, for example, Josefson [8] who calculated the residual stresses after post
weld heat treatment of a thin wall pipe. Berglund et al. [12] calculated deformation and
stresses due to welding and post weld heat treatment.
Welding and heat treatment procedure
Two plates made of Inconel 718 are TIG-welded together without addition of filler material
and thereafter stress relief heat treated. Prior to the welding procedure the plates were was
first solution heat treated. The dimension of the plates is 190x50 mm with a thickness of 3,2
mm. Before the butt-welding procedure took place the plates was first assembled by five
equally positioned tack welds. The instrumentation was attached to one plate and the other
plate was fixed on the long side with a clamp, the placement of the instrumentation and
fixture can be seen in Figure 1. The experimental measurements will be described in more
detail later. As seen in Figure 1 the butt weld starts 5 mm from the edge and ends 5 mm from
the other edge, this gives a total weld length of 180 mm.

Figure 1. Geometry of the plates and position of sensor installation [mm].

2

The welding parameters used is; current = 80 A, voltage = 9 V and the welding speed was 90
mm/min. After welding, the plate was released from the fixture after some cooling and then it
was cooled down to room temperature. The start times and duration for these processes can be
found in Table 1.

Table 1. Process cycles.
Start time [s]

Process

Duration [s]

Welding
Welding
Cooling (in room temperature)
Fixture release
Cooling (in room temperature)

0
120
264
274

120
144
10
To RT

0
7200
9000

7200
1800
To RT

Heat treatment
Heating
Holding
Cooling (forced in furnace)

Heat treatment takes place in a vacuum furnace with an operating pressure of approximately
10 Pa. Heating is achieved by the use of radiating elements located in the walls, ceiling and
under the supporting grid where the component is positioned. During the cooling phase, argon
gas is pumped into the charge volume from an external vessel. The gas enters through holes in
the top of the furnace and passes out through holes in the bottom. The cooling gas is
subsequently re-circulated with a predefined cycle until the component reaches room
temperature. The initial temperature of the cooling gas is 20°C but is then heated by the
furnace walls and the component in the furnace. The gas temperature stabilises at about 60°C
after some time, due to a heat exchanger in the furnace and then it slowly falls to room
temperature during the remainder of the cooling cycle. The duration of the heat treatment
sequences can be found in Table 1 and a schematic illustration of the vacuum furnace in
Figure 2.
Radiator

Charge volume

Inlet / Outlet
Grid / Plate

Component

Fan

Figure 2. Furnace used for heat treatment of the plates.
3

Measurements
In order to validate the simulations, welding experiments were conducted on a simple
rectangular plate instrumented with strain gauge rosettes and thermocouples. Transient
measurements of the temperatures and strains were performed during the entire welding
process, i.e. during welding, cooling, and fixture release. The strain data measured during
welding was afterwards corrected for apparent strain (i.e. thermal output). The strain gauge
apparent strain was measured prior to the welding test in an oven experiment. The oven
temperature was increased over the expected temperature range corresponding to the plate
temperature at the strain gauge position during welding. The apparent strain measured is the
deviation from the inherent temperature self-compensation of the strain gauge, and should be
subtracted from the measured strain data from the welding experiments.
Sensor installation
The plate was instrumented with two strain-gauge rosettes and four thermocouples, Figure 1
and Figure 3. The thermocouples were placed 8, 8.5, 9, and 10 mm from the centreline,
perpendicular to the welding direction. The strain gauge rosettes used in the experiments were
Micro Measurements WK-06-060WY-350. The operating temperature range is -269˚C to
+290˚C for continuous use in static measurement, and it is useful up to 370˚C for short-term
exposure. The sensor is bonded to the sheet material using a high-temperature epoxy
adhesive, M-Bond 610. All strain gauge element leadouts were connected in a 3-wire
configuration, and used in quarter bridge configuration. The thermocouples were type K and
tack-welded with open wires to the plate.

Figure 3. Photograph of tack-welded plates, sensor installation and fixture.

Apparent strain measurement
An instrumented plate was placed in an oven and the apparent strain was measured over the
temperature range 20°C to 250°C in order to characterise the strain gauge thermal output. The
apparent strain of each gauge of the strain gauge rosette was measured at five temperatures,
Table 2. Apparent strain was measured only during the heating cycle and the trend line
calculated from the average of the three sensor gauges was used for correction of mechanical
strain measurement data, Figure 4.
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The strain gauge is temperature compensated to be insensitive to the strain due to the thermal
expansion of the base material over the strain gauge operating temperature range. The
measured apparent strain is mainly due to the resistance change in the gauge with temperature
and mismatch in the material properties between the gauge alloy material and the base
material used (Inconel 718). The measured mechanical strain data must then be corrected with
the apparent strain.
Table 2. Apparent strain values measured in an oven experiment.
Oven
Temperature [°C]
21,2
55,2
104,2
154,6
202,3
251,5

Apparent strain
grid 1 [µm/m]
0
103
190
251
322
301

Apparent strain
grid 2 [µm/m]
0
98
185
243
289
261

Apparent strain
grid 3 [µm/m]
0
93
183
249
295
279
Trend line

350
Apparent strain [ µ m/m]

300
250
200
150
100
50
0
-50

0

50

100

150

200

250

300

Tempera ture [°C]

Figure 4. Calculated trend line based on the average of the apparent strain measurements.
Experimental set-up for transient strain measurements
During the welding experiments, strain and temperature data was measured using a PC-based
data acquisition system. The strain measurement system was calibrated over the expected
measurement range using the method of shunt calibration, and null balancing of the strain
measurement bridges was done before the strain measurement was started. For the
temperature measurements, galvanic isolated signal conditioning modules were used to
protect the measurement system for electric transients during the start of the TIG-welding
equipment. The data-sampling rate was 10 Hz.
Hole drilling for residual stress measurements
To measure the residual stresses incremental hole drilling was performed. The drilling was
made at three positions on two plates, Figure 5. The CEA-XX-062UM-120 strain gauge from
the Measurement Groups was used.
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Figure 5. Placement of the strain gauges for residual stress measurements.

Computational models
As mentioned earlier two manufacturing processes has been modelled, welding and heat
treatment. The part of the manufacturing chain that is simulated is shown in Figure 6. The
computational model starts with the butt-welding procedure assuming a nominal state; i.e. the
tack welding or the previous processes are not simulated. The welding and heat treatment
models will be described in more detail in subsequent sections.

Figure 6. Process sequences.
Thermal model
The heat input during welding is applied using a volumetric heat source, i.e. the double
ellipsoidal heat source presented by Goldak et al. [1] and the values of the parameters are
given in Table 3. The correlation between these parameters and the global coordinate system
shown in Figure 5 is as follows; a : x, b : z and c : y. The power, Q, is calculated from the
physical parameters; current I, voltage U and the efficiency η, which yields Q=IUη =>
Q=9⋅80⋅0.9 = 648 W. As for the heat loss in the welding model, only convection is used since
the radiating loss can be neglected everywhere but close to the weld pool, Goldak et al. [7].
The heat loss due to radiation is, in some sense, taken into account for in the efficiency
parameter though. The heat loss coefficient is set to 12 Wm-2K-1 for the plate except where it
is clamped. There a value of 200 Wm-2K-1 is used. Only the parameters a, b and c was
calibrated with respect to the measured size of the fused zone.
Table 3. Values of the heat source parameters.
a [m]
0.004

b [m]
0.0012

cf [m]
0.003

cr [m]
0.0035

ff [m]
.

-1

2cf (cf + cr)

fr [m]

Q [W]

2 - ff

648

The heat treatment process can be divided in three different sequences, heating, holding and
cooling, Figure 7. The heating is caused by radiating elements on the walls of the furnace,
Figure 2. Heat transfer by convection has been ignored due to the low operating pressure in
6

the evacuated chamber. The temperature of the furnace walls is monitored by a number of
temperature gauges. The furnace wall temperature is controlled to follow a prescribed heating
curve, Figure 7, and is constant during the holding sequence. The cooling sequence is
approximated by applying a heat transfer coefficient of 50 Wm-2K-1 on the surface of the
plate. This parameter was adjusted so that the cooling rate from measurements was obtained
in the simulation.
Temperature
Holding
temperature

Time
Heating Holding
sequence sequence

Cooling
sequence

Figure 7. Heat treating temperature cycle.
Mechanical model
The mechanical boundary condition during welding is set so that the plate is fixed in the xand z-direction over the whole region of the clamp, Figure 1. The displacement in the ydirection is only restrained along the lower edge at y=0. All elements, except those
representing the tack-welds, along the weld path were inactivated initially. The activation of
the elements is separated into a thermal and mechanical activation. As the heat source is
moving forward, the elements in the front becomes thermally active. When the origin of the
heat source has passed an element, with a prescribed distance, the element becomes
mechanically active, Figure 8. The mechanically active element has then cooled down to the
solidus temperature.

Figure 8. Element activation procedure.
During unloading, the upper clamp was removed and the plate was instead fixed only to
prevent rigid body motion. These boundary conditions were also used during the heat
treatment process.
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Material models
A thermo-elastoplastic model based on von Mises theory has been used for the welding
simulation and for the heating and cooling sequences of the heat treatment. It is assumed that
no creep strains develop during welding since the material is exposed to a high temperature
for a very short period. Creep is assumed only to occur during the holding sequence of the
heat treatment. The hardening behaviour of the material is assumed to be isotropic and
piecewise linear. The total strain rate ε& is divided into elastic ε& e , thermal ε& th and, inelastic
strain rates ε& in , Lemaitre et al. [6], Equation 1.
ε&ij = ε&ije + ε&ijin + ε&ijth
(1)
The inelastic part is partitioned in a plastic, ε& p , and a creep strain rate, ε& cr , thus ε&ijin = ε&ijp + ε&ijcr ,
Lemaitre et al. [8]. Hence,
ε&ij = ε&ije + ε&ijp + ε&ijcr + ε&ijth

(2)

The temperature dependent material data that has been used in the model are similar to those
that can be found in e.g. Mills [4] for the heat capacity and conductivity, Zang et al. [5] gives
Young’s modulus, Busch et al. [6] for the yield strength and Babu et al. [3] for the thermal
expansion. A latent heat of 300kJ/kg in the solid/liquid transformation (1260 °C to 1330 °C)
was separated from the specific heat. The emissivity factor used for the radiation boundary
condition was set to 0.3. The minimum yield strength due to thermal softening was set to 40
MPa and the Poisson’s ratio constant to 0.29.
The creep is modelled by applying the commonly used Norton’s law [6], Equation 3. This
constitutive relation was also used by Josefson [9] and Alberg et al. [1] for simulation of
stress relief heat treatment.
ε&ijcr = k ⋅ σ n ⋅ sij
(3)
Where ε&ijcr is the creep strain rate, σ n the equivalent stress and s ij the deviatoric stress. The
constants k and n in Equation 2 can be determined by performing stress relaxation tests in the
specific temperature interval. In the present work, Norton’s law was used with parameters
obtained only at the holding temperature material.
Comparisons of computational and experimental results
During the butt-welding process and subsequent cooling and release, transient strains and
temperatures were measured. Residual stress measurements were performed between welding
and heat treatment and after the heat treatment.
Thermal response
The size of the fused zone (FZ) agrees very well with the experiment, as can be seen in Figure
9. The width of the FZ at the top surface is 7.3 mm and 7.4 mm in the FE-model and
experiment respectively and 5.4 mm versus 5.4 mm at the bottom surface. This agreement is
due to the calibration of the parameters a, b and c in Table 3 which was done by matching
computed and measured FZ.
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Figure 9. Comparison of FZ and HAZ between calculation and experiment, temperature scale
in °C and length scale in mm.
In Figure 10 measured and calculated temperature profiles are shown during the welding
experiment. The largest difference between the computed and experimentally obtained
temperature is at the peak value of the curve closest to the weld centre (8 mm). The difference
is 21 °C at that point. At the end of the cooling sequence, the difference between computed
and measured temperature is 9 °C. The overall agreement is very good.
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Figure 10. Measured and calculated temperatures during the welding experiment.
Mechanical response
The results from the measurement and computation of the transient strain are shown in Figure
11. The definition of the directions and the position of strain gauges A and B can be found in
Figure 1. The apparent strain data was added to the computed data on basis of computed
temperature to alleviate the comparison with recorded values. The computed strain agrees
fairly well with the measured strain in both directions and positions.
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Figure 11. Comparison of measured and calculated strain at strain gauges A and B. The strain
in this figure is the elastic plus the apparent strain.
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The results from the computation and the residual stress measurements are shown in Figure
12. The measurements were done at the same position on two equal plates to check
variability.
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Figure 12. Residual stresses after welding: a) Longitudinal stresses b) Transverse stresses.
Residual stresses after heat treatment c) Longitudinal stresses d) Transverse stresses.
The computed stresses in the longitudinal direction after welding and after heat treatment
agree rather well with the measured stresses, Figure 12a and c. The computed stresses in the
transverse direction after welding and after heat treatment have less good agreement with the
measured stresses, Figure 12b and d. In Figure 12b and d, it can be seen that the computed
stresses are generally too low in magnitude compared with the measured.
Discussions and conclusions
The overall agreement between computed and measured values is quite good. Fairly good
agreement between calculated and measured residual stresses after both welding and heat
treatment is obtained in the longitudinal direction. In the transverse direction, the agreement is
less good. It can also be seen that the difference between the two measurements is relatively
larger in this direction.
Comparisons between measured and computed results show that both the welding and the
heat treatment model are valid to some extent. Note that the stresses after heat treatment are
dependent of the stresses after welding, therefore it is difficult to know the validity of the heat
treatment model.
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Using this experimental set-up, it has been seen that the model is sensitive to buckling, when
releasing the plate from the fixture. The possibility of buckling makes the model highly
sensitive to the initial conditions. The buckling tendency causes problems in the simulation
and the experimental set-up is therefore less suitable for validation of the models. A better
approach might be to have a plate with a small, predefined, curvature, which would eliminate
the risk for buckling
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Abstract
Modelling and simulation of metal deposition (MD) poses several challenges to the modeller
in addition to the usual challenges in modelling of welding. The aim of the work presented in
this paper is to enable simulation of metal deposition for large three-dimensional
components. Weld paths that are created in an off-line programming system (OLP) can be
used directly to prescribe the movement of the heat source in the model. The addition of filler
material is done by activation of elements. Special care must be taken to the positioning of the
elements, due to large deformations. Nodes are moved to ensure that the added material have
correct volume and shape. A physically based material model is also implemented. This
material model is able to describe the material behaviour over a large strain, strain rate and
temperature range. Temperature measurements and deformation measurements are done in
order to validate the model. The computed thermal history is in very good agreement with
measurements. The computed and measured deformations also show quite good agreement. It
has been shown that the approach yields correct results, providing that flow stress and heat
input models are calibrated with sufficient accuracy. The method reduces the modelling work
considerably for metal deposition and multipass welding. It can be used for detailed models
but also lumping of welds is possible and often necessary for industrial applications.

1. Introduction
The metal deposition (MD) process is quite similar to multipass welding but with the aim to
build up features or even complete components with wanted geometry. This can both reduce
weight and increase the flexibility of the manufacturing process. Simulations can assist in
developing this manufacturing process. The current work is part of a project where the
objective is to simulate the manufacturing chain of aerospace components. Two issues have
been in focus. One is the development of a material model that is valid over a large strain,
strain rate and temperature range. A physical based material model has been used for this and
is described briefly in the paper.
The other issue, which is the main focus of the current paper, is enabling simulation of metal
deposition. Simulation of multipass welding and particularly metal deposition poses several
challenges to the modeller in addition to the usual challenges in modelling of welding. There
are numerical aspects such as, element activation methods and heat sources. There are also
practical aspects, how to simplify the description of the weld process for the user. An
approach for supporting this in a convenient way is presented in this paper. The method is
implemented in a commercial finite element code and applied to a validation case.

2. Background
2.1. The metal deposition process
The advantage with the metal deposition process is that material is added where it is actually
needed instead of making a large component and machining the wanted features. The
structural components in an aero engine are good examples where deployment of the MD
process simplifies the production provided the quality can be assured. They are generally
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slender with more bulky features such as flanges and bosses needed to connect the
components that could be produced by the MD process.
The two most common processes for manufacturing of structural components today is forging
and casting. Forged components typically need to be largely oversized due to the complexity
of the final shape. In many cases the subsequent machining removes more than half of the
volume of the component. Since nickel based super alloys and titanium are used, the actual
material cost is therefore significant. Machining in these high strength materials is also a time
consuming and costly process. Casting produces a component that is much closer to the final
shape. However, the material integrity of castings is not as good as for forgings or sheet
metal. There are also limitations in the design of the component, transitions of thicknesses
must not be too sharp and the ratio between the thickest and thinnest section must not be too
large. Metal deposition in combination with e.g. fabrication offers a product with high
structural integrity, produced with a minimum of scrap. Clark et al. [1] concluded that the
Shape Metal Deposit process (SMD) is a viable method of fabricating local, complex features
in aerospace components.
Despite these obvious advantages, MD is not widely used in the aerospace industry as the
quality must be assured before it can be adopted. The current work is part of the technology
development at Volvo Aero Corporation where simulation of the MD process is an important
tool to learn about the process and design it in order to assure the quality. The finite element
method is used to predict distortions and residual stresses due to the process. Then different
welding sequences, weld speeds, pause times etc. can be evaluated at a relatively low cost.
In this work the tungsten inert gas (TIG) process is used as heat source together with a wire
feeder system. There are other processes that can be used for MD. The most widely used
process is laser cladding. Where a laser beam is used as the heat source and the material is
added by powder injection. Laser cladding gives a very small heat affected zone, low residual
stresses and small distortions. However, difficulties related to powder flow and oxidation may
increase the formation of porosity and inclusions, Mazumder et al. [2] and Thivillon et al. [3].
The addition of material can be done by wire instead of powder. This gives much higher
material usage efficiency. It also lowers the risk to the operators and makes the process more
environmental friendly. Metal wires are also more easily available and cheaper than powders,
Mok et al. [4]. Another combination is electron beam and wire feed. This can give an
excellent result regarding defects and microstructure, Wanjara et al. [5]. The electron beam
equipment needs to be operated in vacuum and controlling the interaction between the
electron beam and a thin wire in the fusion zone requires particular regulation. Clark et al. [1]
investigated the metal inert gas (MIG) process for MD and concluded that it is a viable
method for fabrication of local, complex features in aerospace components. The MIG welding
can offer high deposition rates at a relatively low investment cost. The use of a consumable
electrode in MIG welding increases the risk for spatter. This in turn may reduce the
productivity and quality of the process.
2.2. Computational welding mechanics
The scope of Computational Welding Mechanics (CWM) ‘is to establish methods and models
that are usable for control and welding of welding processes to obtain optimal mechanical
performance’ [6]. The development of this field can be found in the papers by Lindgren [710]. The books by Radaj [11], Lindgren [6], and Goldak and Akhlagi [12]. The book by
Lindgren [6] describes different modelling options and strategies as well as validation of
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models. The phenomena that are relevant in welding can be divided in different fields, shown
in Figure 1. It has been found possible in CWM to decouple the modelling from the physics
of the welding process and also ignoring fluid flow and still being able to create models fit for
purpose. Thus CWM models are thermo-mechanical models where the weld pool details are
replaced by a heat input model, see Figure 2. This simplifies the simulations considerably at
the cost of needing to calibrate the heat input model.

Figure 1. Fields in CWM modelling together with weld process models, from [6].

Figure 2. Fields in classical CWM modelling fusion welding without weld process model and
fluid flow model, from [6].
Simulation of MD shares the same problems as for multipass welding but in a much larger
scale as there may be thousand of weld passes in MD. The problems can be summarised as:
1) The precise location of each weld pass is not known due to large deformation that occurs.
A cross-section of the weld may reveal their location at end of the process but the geometry of
the joint and exactly where they are laid are not known.
2) The practical problem of creating the finite element model. The model must be increased
by elements corresponding to the filler material and energy must be input at this location.
Accounting for large deformation, as is necessary in this context, increases this problem
further.
The first multipass welds [13-17] were a few welds and large deformations were ignored. It is
not clear how the elements of not laid weld were treated in these first analyses. The first threedimensional multipass weld simulations were [18-22]. Overlay repair and cladding,
consisting of several hundred weld passes, has been studied in a simplified manner [23-27].
3

The techniques for activating elements corresponding to added filler material can be classified
into two types, the quite and inactive approach. The concepts were introduced and compared
by Lindgren et al. [28], see also [6, 7]. If elements, corresponding to not laid welds, are given
fictitious material properties so that they do not affect the rest of the model, then it is called
the quite approach. These elements are given normal material properties when the filler
material corresponding to them is added. Thus the elements and their degrees of freedom are
part of the system of equations to solve in the finite element procedure. The elements are not a
part of this system in the inactive approach. They are brought into the finite element assembly
process when they are activated. The quiet approach is simple to implement, it only needs the
possibility to switch material properties, whereas the inactive approach requires a
reconstruction of the matrix profile and pertaining logic in the finite element code.
The number of experimental studies is far more than the number of numerical simulations of
metal deposition presented in the literature. Mughal et al. [29] presented a 2D model for
modelling of the TIG layering process together with experiments for validation. They used the
quiet element technique and separate thermal and mechanical activation. The shape and
position of the deposited material was pre-defined in the modelling step. A 3D model for the
laser cladding process, laser in combination with powder, was presented by Toyserkani et al.
[30]. This was a purely thermal simulation, but with the capability to predict the shape of the
clad geometry. In the work by Kim et al. [31] they presented a 2D model with the aim to
predict the melt pool shape and dilution of laser cladding with wire feeding. Later it was
extended to 3D in the work by Zhao et al. [32]. Both of these papers only consider the thermal
part of the problem.
The aim of the current developments has been to enable the simulation of each weld pass
separately as well as lumping passes together in order to reduce the computer requirements
for large, complex geometries. It can be combined with the quiet or the inactive element
approach. It extends the work in [33], which implemented a logic for versatile description of
the weld path leading to heat input in the finite element model. It also advances the approach
in [34] to the three-dimensional context.

3. Modelling of metal deposition
The FE-software used in this work, MSC.Marc and its pre- and post-processor Mentat, has an
integrated connection to the programming langue Python. In the model presented in this paper
we have 40 weld passes and cooling time between each weld. The splitting of each weld pass
into a separate load case was chosen in order to increase the flexibility. The user can easily
change between the sequences of the weld deposits. However, this means that we make at
least 80 load cases in the model. Each load case consists of a unique weld boundary condition
that is coupled to a specific weld path. Then we also have the other boundary conditions such
as fixation and thermal losses that should be active in all load cases. Building this model
manually would be both time consuming and error prone. The implemented logic is described
below. Details of the element activation are described first followed by how the weld path is
introduced and heat input is made.
3.1. Addition of filler material
Modelling of metal deposition is quite similar to modelling of multi pass welding. The basic
ideas in this work are taken from Lindgren & Hedblom [34]. They modelled multi pass
welding in 2D in an elegant way, especially regarding the addition of material. By minimizing
4

an objective function that contained the smoothness of the external boundary,
, in Figure
3, an element distortion metric and the volume,
, of the added material. They ensured that
each layer of filler material had a smooth surface, correct volume and a high quality mesh.
However, the weld paths are generally more complex in MD and the modelling is done in 3D
in this work. Also, the bulk material is more flexible. Complex weld paths make it necessary
to have an automated procedure for generation and treatment of the weld paths during
modelling and simulation. The tool presented in this paper has the capability to use weld paths
from the off-line programming software IGRIP or a CAD software like in Lundbäck [33]. The
relatively low stiffness of the bulk material renders in large deformations that need to be taken
into consideration.

Figure 3. Notation used for definition of weld geometry according to Lindgren & Hedblom
[34].
Figure 4 shows an illustration of how the activation of elements and the subsequent reposition
of nodes are done. During the initiation of the simulation, time = 0, all elements that belong to
the material that later is to be deposited on the base plate are made inactive. In Figure 4 the
elements representing the base plate are light grey and the elements that are to be activated,
material to be deposited, is dark grey. As seen in Figure 4[a], the inactive elements are
generated as simple square blocks. No consideration to the wanted final shape or volume of
the deposited material is taken at this point. In the next sequence, Figure 4[b], the active
elements has been distorted due to e.g. thermal strains. The nodes that solely belongs to
inactive elements, let's call them free nodes, are still at their original position. We now have a
quite distorted mesh compared to the original one.
Lindgren & Hedblom [34] used a modified simplex optimisation method to minimize a
function of the smoothness, element distortion and volume. A simpler approach is used in the
current work, as the number of elements that represent the filler material in each layer is low.
However, it is straightforward to apply the optimisation approach here also.
The first thing is to determine if an element is to be activated or not during a given time step.
The thermal and mechanical activation are separated. The thermal activation occurs before the
mechanical activation. This is done because we want the heat source to heat up the element.
But since the deposited material consists of molten droplets from the feed wire in reality, it
should not have any mechanical strength yet.
The thermal activation is as follows. In Figure 4[c] some of the inactive elements have been
activated thermally. This is done by sweeping a user defined cross-section along the weld
path. The sweep distance equals the distance that the heat source travels during the current
time step plus a tolerance to avoid gaps. If the midpoint of an element lies within this volume,
then it will be activated. The position of this volume along the weld path is decided by the
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user as a distance between the centre of the volume and the centre of the heat source. Since
this is done in the undeformed space, we do not need to take the current deformations into
account while searching for elements. The elements to be activated are treated in groups of
sections. In Figure 4[c] we can see that one cross section have already been processed, light
grey, and another section is about to be activated, white. If more than one section of elements
is to be thermally activated during the current time step, the time step will be divided into substeps. This sub-stepping procedure only applies to the processing of the activation of elements
and subsequent reposition of the nodes.

€

The next step is to decide how the position of the free nodes should be adjusted. The user
defines a polyline, the thick red line in Figure 4[c], which gives the position of each free node.
That is, the free nodes will be moved to a corresponding point on the polyline. The height
relative to the base material or previously laid welds and the shape of the polyline gives the
wanted cross section area of the deposited material. The cross section area of the deposited
material can be calculated on beforehand. It is given by the diameter of the feed wire, φwire ,
the feed speed vwire and the weld speed, vweld , equation (1).
A ⋅v
πφ 2
Across = wire wire
where Awire = wire
(1)
v weld
v weld
This method requires that the pre-defined mesh for the deposited material is structured. Which
means that the topology of the elements representing the filler material does not change. The
reposition of the nodes is not done by changing the coordinates of the nodes, instead they are
€
moved by adding a displacement
to the nodes. In this way it is possible to maintain the shape
of the elements in the undeformed space. This is important since it simplifies the search
algorithm considerably.
When activating an element we want it to be born without a history. That is, the stresses,
elastic-, plastic- and thermal strain should be set to zero when an element is activated. The
mechanical activation criterion is temperature based. If the mean temperature in an element
falls below a given value, then the element will be activated. The activation temperature is
typically chosen equal or just below the melting point of the current material.

[a]

[b]

[c]

Figure 4. Illustration of MD-logic a) initial mesh with active elements (light grey) and
inactive elements (dark grey), b) displacement of active elements, c) activation of elements
and adjustment of nodes.
3.2. Weld path description
As discussed previously, the tool can use weld paths generated from an OLP system or CAD
software. In this work, four paths in layer one is generated using the CAD software I-deas and
subsequent paths in the remaining layers are generated using a Python script. An offset
distance is prescribed and the start and stop position is indented, which is commonly done for
practical reasons. Each weld pass is defined in a file with a unique name. The name of the file
defines the position of the weld path, e.g. name_X_Y.txt. Where “name” is an arbitrary name
for the current job, X and Y defines the layer and the sequence respectively.
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3.3. Heat input model
The heat input model used in this work is the commonly used double ellipsoid with Gaussian
distribution proposed by Goldak et al. [35]. Due to the rather coarse mesh used for the
discretisation of the model, the integration of the heat input function can vary quite a lot. This
is avoided by controlling of the heat input in each iteration in every time step. The heat input
is calculated in the first iteration and the efficiency factor, in the equation by [35], is then
scaled to get the correct net heat input in the succeeding iterations of the current time step.
The heat input model is by no mean constrained to the double ellipsoid. A segmented heat
source with Gaussian distribution has also been implemented. This heat source allows longer
time steps than with the conventional source. The only difference with this heat source is that
the function is integrated over the length that the source moves during the time step in the
welding direction. When using this model it is assumed that the heat source moves along a
straight line during a time step. A thorough description of this heat source model can be found
in [6].

4. Flow stress model and its calibration

€

€

€

The flow stress is assumed to consist of two parts,
σy = σG + σ *
(2)
where,
is the athermal stress contribution from the long-range interactions of the
dislocation substructure. The second term , is the friction stress needed to move
dislocations through the lattice and to pass short-range obstacles. Thermal vibrations can
assist dislocations to overcome these obstacles.
The long-range term from equation (2) is derived by Seegler [36] as,
σG = mαGb ρi
(3)
where
is the Taylor orientation factor translating the effect of the resolved shear stress in
different slip systems into effective stress and strain quantities. Furthermore,
is a
proportionality factor, is the Burger’s vector,
is the immobile dislocation density and
is the shear modulus.
The strain rate dependent part of the yield stress from equation (2) can be derived according
to the Kocks-Mecking [37] formulation as,
1
1 ⎞ p
⎛ ⎛
q
⎞
˙
⎛
⎞
ε
kT
⎜
⎟
(4)
⎜ ref ⎟⎟ ⎟
σ* = σath ⎜1 − ⎜⎜
3 ln⎜ ˙ p ⎟⎟
⎜ ⎝ ΔFb ⎝ ε ⎠⎠ ⎟
⎝
⎠
where
and
are the reference and plastic strain rate respectively,
is the Boltzmann
constant and
is the temperature in Kelvin. Here,
is the activation energy necessary to
overcome lattice resistance and
is the shear strength in the absence of thermal energy.
4.1. Evolution of immobile dislocation density
It is assumed that mobile dislocations move, on average, a distance (mean free path), before
they are immobilized or annihilated. According to the Orowan equation, density of mobile
dislocations and their average velocity are proportional to the plastic strain rate. It is
reasonable to assume that increase in immobile dislocation density also follow the same
relation. This leads to,
m 1 ˙p
ρ˙ i( +) =
ε
(5)
b Λ

€
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where is the Taylor orientation factor.
Based on the formulation by Bergström [38], the immobile dislocation density is proportional
to the plastic strain rate.
(6)
ρ˙ i( −) = Ωρ iε˙ p
where is a function dependent on temperature.
In addition to dislocations, vacancies are also created during plastic deformation. This has
significant effect on diffusion controlled processes such as climb and dynamic strain aging.
Militzer proposed the following model for recovery of dislocations based on dislocation
climb.
c Gb 3 2
ρ˙ i( −) = 2cγ Dl eqv
ρ − ρ eq2
(7)
c v kT i
where,
and
are equilibrium and current vacancy concentrations,
is the self
diffusivity and , a material coefficient.

(

€

4.2. Evolution of vacancy concentration
Militzer [39] proposed a model for evolution of excess vacancy concentration with generation
and annihilation components. Assuming that only long range stress contributes to vacancy
formation and introducing mean free path it can be written as,
⎛ mαGb 2
⎛ Qvf ⎞
c j ⎞ Ω
⎛ 1 ⎞
eq
c˙νex = ⎜⎜ χ
ρi + ς 2 ⎟⎟ 0 ε˙ − Dvm ⎜ 2 ⎟(c v − eq
(8)
v ) − c v ⎜
2 ⎟ ΔT
⎝
⎠
Q
4b
b
Λ
⎝ T ⎠
⎝
vf
⎠
where,

€

)

is the activation energy for vacancy formation,

is the fraction of energy

spent on vacancy generation, is the neutralization effect by vacancy emitting and absorbing
jogs,
is the concentration of jogs,
is the atomic volume and
, the vacancy
diffusivity.

Figure 5: The flow stress model (curves) and experiments (dots).
Figure 5 shows the calibrated model along with isothermal uniaxial compression tests
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performed at a strain rate of 0.001s-1. The model used for simulations is calibrated with strain
rates up to 1s-1. A more detailed derivation of the flow stress model, hardening modulus and
references can be found in Babu [40] and Lindgren [41].

5. Calibration of the heat input model
The heat input model has been calibrated on a simplified model, a 10-layer single wall, see
Figure 6. The size of the base plate for the single wall is 200x50 mm with a thickness of 3.2
mm. The length of the deposited material is 130 mm and the height is 9 mm. The typical
element size of the deposited material is 2x2x1 mm, where the element has the smallest
dimension in the thickness direction. This is the same as in the model later used for the
validation. Table 1 shows the values of parameters given in the physical process. The nominal
power input is given by the current, I, times the voltage, U. The weld speed, υweld, together
with the feed rate of the wire, υwire, and the diameter of the wire, Φwire, gives the cross section
area of the deposited material. The parameters that have been estimated and adjusted are the
convective heat loss, h, emissivity (radiative loss), e, the efficiency of the heat input, , and
the heat source parameters a, b, c , and c . The chosen values of these parameters can be
seen in Table 2. The thermal material parameters, such as conductivity, specific heat and
latent heat, are not altered.
Table 1. Process parameters.
I [A]
87

U [V]

[m

10.3

]

[m
0.0125

0.002

]

[m]
0.00114

Table 2. Estimated parameters.
h [Wm ]
18

e [-]
0.05

[-]
0.58

a [m]

b [m]

c [m]

c [m]

0.004

0.0012

0.004

0.006

Below, in Figure 7, a photo of the welded sample from the physical experiment can be found.
The position of the two thermocouples that are mounted on the top of the plate (T1 and T2)
can be seen in this figure. They are mounted 5 mm from the weld centre line. There are also
two thermocouples on the bottom side of the plate (B1 and B2), mounted at the centre line of
the weld. Further on, a pyrometer is used to measure the temperature on the welded material.
The focus of the pyrometer is placed 2 mm above the plate. Therefore, it will give result only
after a number of weld layers are laid.

Figure 6. FE-model for calibration, single wall with 10 layers.
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Figure 7. Welded sample with thermocouples for calibration.
In Figure 8 the measured and calculated temperature history during MD of the single wall is
shown. Comparing the result from the thermocouples with the calculations, one can see that
the agreement is very good. The calculated result is also in good agreement with the result
from the pyrometer if we exclude the periods while the arc is active. Figure 8 show that the
temperature measured with the pyrometer starts to rise immediately after the arc is ignited.
This is due to that the pyrometer also registers the radiation that comes directly from the arc
and not only the thermal radiation from the measurement point.

Figure 8. Measured and computed temperature history, single wall.

6. Validation of the thermo-mechanical MD-model
The FE-model that has been used during the validation simulation can be seen in Figure 9.
The number of nodes and elements in this model are approximately 19000 and 13000
respectively. The element type is 8-noded fully integrated hexahedral elements.

Figure 9. FE-model used for validation, four weld sequences and 10 layers.
To demonstrate and validate the metal deposition model, the following experimental setup has
been used. The fixture and the plate with deposited material can be seen in Figure 10. There
are four pairs of screws on each short edge of the plate for fixturing of the plate. The screws
on the right hand side are loosely tighten, just enough to prevent the out-of-plane
displacement. On the left hand side the screws are tighten more firmly to prevent rigid body
movement. The notes A and B in Figure 10 points out the position of the two supports on the
bottom side of the plate. They will prevent excessive downward movement of the plate. By

10

this arrangement of fixture, it is believed that we will have a well defined clamping system
which is fairly easy to model. The reason for the supports A and B is that the welding
equipment did not have a weld seem following system. Relatively small deformations during
welding are therefore a requirement. Another angle of it is that the experiment should be as
similar to the manufacturing of a real aero engine component as possible. In such case, large
deformations are not wanted. The weld passes are numbered 1-4, with the number positioned
at respective starting point in Figure 10. The deposit sequence is such that pass one to four is
consecutively welded in a layer by layer manner. Totally 10 layers are laid.
The deformation measurements in this work was done with the optical measurement system
ARAMIS by GOM[42]. With this method, it is possible to measure the out-of-plane
deformations on the bottom of the plate during the entire welding procedure. A calibrated
pyrometer was used to measure the temperature on the deposited material. The pyrometer was
focused on a spot 2 mm above the base plate in the centre of weld pass 4. As a consequence,
temperature could only be measured after the 3rd layer had been deposited.

Figure 10. Fixture and plate with deposited metal.

7. Result
In this section the results from the validation is presented. First we start with the temperature
history, which is measured with a pyrometer. The measured and computed temperature
history can be seen in Figure 11. As mentioned in the previous section, measurement of the
temperature is only possible after the third layer is laid. So the first temperature curve that we
see in Figure 11 is actually the welding of layer four. The measured result is rather noisy, but
the overall agreement is very good in this case too. The noisiness is again due to that the
pyrometer is affected by the radiation from the arc. In Figure 12 we can see the principal
placement of the pyrometer and the focal point. Looking along an extended line from the
pyrometer to the measurement point one can see that all four weld paths passes that line,
Figure 12. This is the reason why we have four peaks in the measurement, especially
pronounced during the welding of the first layers. The temperature peak during welding of
sequence four is however the largest one and the only one of interest.
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Figure 11. Measured and computed temperature history.

Figure 12. Plate with the weldment and the positions of the out-of-plane measurement. The
placement and the focus point of the pyrometer are also shown.
Below, the measured and computed result of the out of plane displacements will be shown. In
Figure 13 we can see the results sampled in point P1 according to the arrangement in Figure
12. The measured displacement is larger than the computed. It is mainly during the welding of
the first three layers, i.e. up to 500 seconds, that the measured and computed deformations
diverge. During the rest of the process the difference in the result is relatively constant.
Looking at the individual weld passes one can see that they correlate very well. At least up to
layer six is laid, after that the model over predicts the response in each weld pass. The
deformation after finalisation of each layer is still too low though.

Figure 13. Out of plane displacement at point P1.
The behaviour of the deformations in point P2 and P3 is quite similar and is shown in Figure
14 and Figure 15. A comparison between the measured and computed deformation after
finalisation of each layer shows very good agreement. But here we can also see that the model
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over predicts the response with respect to the deformations.

Figure 14. Out of plane displacement at point P2.

Figure 15. Out of plane displacement at point P3.

8. Discussions
The logic implemented is an extension to 3D of the work presented in Lindgren & Hedblom
[34]. Optimisation of the free surface, the volume or metric for reposition of the nodes in the
deposited material is not done here but can easily be included. However, it would require too
fine mesh to be of practical use in a 3D simulation. In 3D MD simulations it is more likely
that paths or/and layers will be lumped together. Special care must be exercised for large
deformation problems. Therefore free nodes are moved into position before the corresponding
elements are activated. The implementation also gives the user the possibility to control the
shape and volume of the added material. An essential part of the methodology described in
this work is how to prepare the model during the pre-processing. Though this part is specific
for the FE-software MSC.Marc, which is used in this work, other general-purpose software
can employ a similar approach. With the Python script the model is more or less automatically
generated. The user just has to choose the sequence of the welds by altering the sequence of
the load cases in the pre-processor of MSC.Marc. Manually preparing these models is a
tedious and error prone task.
The heat source used in this work is the double ellipsoid. A segmented heat source has also
been implemented. It allows the user to take longer time steps provided that the arc travel is
along a straight line. Another method to enable long time steps is to split them into sub-steps
internally. In this way we can use the standard heat source function and still be able to take
long time steps. This method also allows the heat source to travel along a curved weld path
during a time step. The number of sub-steps should be based on the time step length, the weld
speed and the element length. Furthermore, the feedback of the actually introduced heat into
the FE-model is used to ascertain that the wanted net heat input is obtained.
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As described previously, the thermal and mechanical activation is separated. This gives the
user the possibility to choose exactly when an element should be activated. There are
guidelines that should be followed though. In single pass welding the position of the thermal
activation has very little influence on the result. Actually, all elements can be thermally active
during the entire simulation because the heat flow in the welding direction is slower than the
weld speed. In MD and multi pass welding we have previously welded material as base at
elevated temperature, typically 400 – 500 °C. If “cold” elements were activated thermally
ahead of the heat source we would get a temperature drop in the corresponding nodes. To
avoid that, the elements should be thermally activated when they are inside the heat source.
Then they will be heated up together with the surrounding nodes in the base material.
The measured and computed temperatures in this work show very good agreement. In the
comparison of the out-of-plane displacement between measured and computed result we can
see that the overall agreement at position 2 and 3 is very good, Figure 14 and Figure 15. The
difference between the computed and measured result in point P1, shown in Figure 13, may
be due to the assumption in the modelling of the supports. It was assumed that the supports in
the points A and B, Figure 10, was rigid and no out-of-plane displacement was allowed. Later
analysis of the measured result showed that the two supports must have deflected somewhat.
The magnitude of the reaction forces in the simulation, at the nodes representing the supports,
also implies that there has been some deflection.

9. Conclusion
The presented method for modelling of metal deposition has successfully been implemented
into subroutines that can be evoked from a commercial finite element software. It can be used
for detailed models but also lumping of welds is possible and often necessary for industrial
applications. It has been shown that the approach yields accurate results, providing that flow
stress and heat input models are calibrated with sufficient accuracy. The method reduced the
modelling work considerably and is now in every-day use at Volvo Aero.
Furthermore, a flow stress model based on the concept of dislocation density has been used
for the first time in welding simulations. It can account for low temperature plasticity as well
as high temperature visco-plastic behaviour.
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