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1. Introduction 

1.1 Background 
A large number of the components in the aerospace industry are complex shaped 
and manufactured in high strength material. The requirements on the dimension 
tolerances and the shape are often rigorous. The manufacturing of such 
components is therefore limited to a number of processes. One major choice is 
whether the components should be a casting or a fabrication. In a fabricated 
structure, the individual parts can be castings but the main structure is created by 
assembling different parts to a larger structure. A fabricated structure has a 
number of advantages in comparison with large castings. It is for example 
possible to choose different material for different parts of the structure, the 
minimum thickness is not restricted. Furthermore, the design of the component is 
more flexible and the number of potential subcontractors for incoming material 
are not limited to only a few companies. The disadvantage is that the 
manufacturing processes require a large number of operations and that joining 
operations such as welding generate unwanted stresses and deformation. 
  The generated stresses and deformation at each individual manufacturing step 
affect the subsequent operation. One example is welding where stresses are 
generated in the structure and the level of stress is dependent on the type of 
fixture. If the fixture does not allow the component to move during the operation, 
then large residual stresses generated but the deformations are small. Some of 
these stresses are released when the component is taken out of the fixture and 
others are released when it is heattreated. The accompanying distortion may be so 
large that the tolerance requirements after heat treatment are not fulfilled. 
However, if the fixture is too loose, then the deformation during welding will 
already be unacceptable large. This is one example why production must consider 
the whole manufacturing chain. With production planning means in this case the 
method used for the different manufacturing steps, the process parameters and the 
order of each operation. The planning of a fabricated component requires more 
work than a large casting because of the larger number of manufacturing 
operations involved. The decisions to be taken when a new product is going to be 
manufactured are often based on knowledge from earlier projects and from 
experiments on simplified components. This requires people with long experience 
and sufficient development time. Reducing the lead-time in this process requires 
efficient tools for prediction of the effects of the manufacturing chain. The 
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residual stresses in the final component can be used to estimate the life time of the 
product thereby also be used for design of the product. 

1.2 Manufacturing simulation in the product development 
The finite element method (FEM) has frequently been used by design engineers to 
calculate deformation and stresses during functional analysis. The tools have been 
developed to support analysis of the components performance but not for 
predicting the effect of manufacturing on components. To develop efficient tools, 
supporting the evaluation of manufacturing effects, a number of research issues 
have to be dealt with. The topics range from design and manufacturing 
methodology to constitutive relations of materials and numerical algorithm for 
solution of equation systems. The product development of a component, not only 
in the aerospace industry can be divided in a number of phases for both design 
and manufacturing, see Figure 1. Manufacturing simulations can be used as a 
support tool in all phases of the product development. It works both as channel for 
communication between design and manufacturing and as a tool for 
manufacturing engineers to evaluate different manufacturing sequences 
(manufacturing planning). 
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Figure 1. Tools in product development 

1.3 Welding in the aerospace industry 
The most common welding processes in the aerospace industry are Gas Tungsten 
Arc Welding (GTAW), Electron Beam Welding (EB), Laser welding and Friction 
welding. In the GTAW-process is the heat produced by an electric arc between a 
non-consumable tungsten electrode and the workpiece. An inert gas, argon or 
helium is used as a shield for corrosion of the weld zone and the electrode. Filler 
material can be used and is then added from the side, see Figure 2.  
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Figure 2. Schematic figure of the GTAW-process with external added filler material. 

Gas tungsten welding is best suited for welding material with thickness between 
0.5 and 3 mm. 
  Electron beam welding is a method where a concentrated electron beam with a 
high power density is used to melt the material. Therefore, the fusion zone is 
small and the penetration depth is large. EB has also the advantage of giving small 
residual deformation of the workpiece. It’s a method well suited for butt-welding 
in thick material, up to 250 mm. The welding operation has to be done in a low 
pressure environment to reduce the retardation of the electrons. 
  Laser welding is also a method that produce a high energy density beam but the 
energy source is a light amplifier. The advantage of laser welding in comparison 
with EB-welding is that there is no need for a low pressure environment and the 
light can easily be transported from the light source to the workpiece by mirrors or 
by optical fibre. The most common types for welding is CO2- and Nd:YAG-lasers 
where the light from the Nd:YAG can be “transported” in an optical fibre. This is 
not the case for the CO2-lasers where mirrors have to be used but the method has 
the advantage of producing a laser beam with a higher power than in the 
Nd:YAG-case. Laser welding is most effective for thin plate applications.  
  Friction welding does not give a complete melted zone between the individual 
workpieces. Heat is generated between the parts due to friction. The applied 
pressure is removed when the desirable temperature has been reached. There are a 
number of procedures for this weld method. One example is friction welding by 
using two rotational parts where one of the parts is put in contact with the other by 
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using a hydraulic cylinder. Friction stir welding is another method where a 
consumable rotated tool is pressed onto the workpiece in the same time as the tool 
is moving along the butt joint.  

1.4 Heat treating of metals 
The material in aerospace applications is often chosen because of their heat and 
corrosion resistance, fatigue properties or low weight. Depending on the base 
material of the component is the heat treating done at different temperature and 
holding time. In order to describe a number of common heat treating processes 
and their purpose, are steels used as an example. Steel is defined as an alloy of 
iron and carbon with the carbon content up to about 2 wt% [1]. Other alloy 
elements can be up to 5 wt% in a low-alloy steel and more in a high-alloy steel. 
Heat treatment is a general name of a large number of thermal processes where 
the goal is often to obtain a satisfactory hardness. Figure 3 shows typical heating 
ranges in an Iron-Carbone diagram for different heat treating processes. A1 is the 
eutectoid line, or the lower critical temperature for austenite transformation and 
A3 is the upper critical temperature. Acm represent the upper critical temperature 
for hypereutectoid steels (Steels with more than 0.77 wt% C). The most common 
heat treating processes for steels are described below. 
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Figure 3. Iron-Iron Carbide phase diagram showing typical temperature ranges for different heat 
treatment operations. 

Annealing is a heat treatment process, refers to a material exposed to an elevated 
temperature (above the A3 temperature) for an extended period of time, and 
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thereafter cooled down. This is primarily done in order to soften the material. 
Ferrite and pearlite are the dominating phases in the material after the annealing 
process. If the cooling rate is increased, then martensite will be created, this 
process is called quenching. The hardness of the material is controlled by the 
amount of the martensite created because of the rapid cooling from the 
austenitizing (A3) or solution treating temperature. The amount of martensite can 
be controlled by the selection of quench medium. Common quench media is 
water, saltwater, oil, polymer solution or some inert gas (helium, argon or 
nitrogen). 
Tempering of steel is a process in which previously hardened or normalized steel 
is heated to a temperature below the critical temperature in order to increase 
ductility and toughness. The difference between tempering and stress relief heat 
treating is that the aim of the tempering operation is to create a certain 
microstructure. In the other case is the primary aim to relieve stresses, but both 
procedures are performed in the same temperature interval. The part must be 
heated up above the A3/Acm temperature so a homogenous austenite phase is 
created, in order to be classed as a normalizing treatment. The chosen cooling rate 
from the austenizing temperature is dependent of the required strength and 
hardness of the material. At higher cooling rates, more perlite is formed and the 
lamellae are finer and more closely spaced. Larger amount of perlite and fine 
lamellae gives higher strength and hardness. Observe that the cooling rate should 
not be as high as for the quenching process where martensite is created. 
  Its common in the aerospace industry to use vacuum furnaces cooled with gas 
when performing quenching and stress relief heat treating of components. In a gas 
cooled furnace is both the heating- and the cooling sequence of the heat treatment 
operation performed in the charge volume. Gas cooling has therefore an 
advantage in comparison with liquid cooled furnaces where the component is 
quenched in a separate liquid bath. The charge volume is the area in which the 
component is positioned, see Figure 4a.  
  During the heating- and holding sequence of the heat treatment operation is the 
pressure in the furnace low in order to reduce oxidation of the surface of the 
component. In the heat treating furnace in Figure 4 is the cooling gas inlets 
positioned in the top and bottom of the furnace. The top- and bottom holes are 
used both as inlets and outlets and this is done by revert the flow every 10 
seconds. During one period of time is the top holes used as inlets and the bottom 
holes as outlets, and by using a flap is the gas flow direction changed in order to 
use the bottom holes as inlets. The heating of the component is mainly due to 
radiation from the walls of the furnace. These radiators can be seen in Figure 4.  
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a) b)  
Figure 4. Gas cooled vacuum furnace at Volvo Aero Corp. a) Charge volume with the 
inlets/outlets shown in the top of the furnace, b) bottom of the furnace  

1.5 Aim and Scope of present research 
The objective of the work presented in this thesis is to develop an efficient and 
reliable method for simulation of welding and heat treatment by using finite 
element analysis. The simulations will be used for designing and planning the 
manufacturing processes in order to obtain an acceptable final shape of the 
component and a robust manufacturing process. 
Large 3D-models are computational demanding but the geometry and boundary 
conditions of a complex part can be fully represented. The result of the simulation 
must be of sufficient accuracy and completed within an acceptable time if 
manufacturing simulations are going to be used in product development. This 
requires model simplifications, and correct modelling of the boundary conditions 
and material behaviour in each process. The processes in focus are arc/beam 
welding and stress relief heat treatment in gas cooled vacuum furnaces.      

2. Simulation of welding 
The finite element method has been used since early 1970’s in order to predict 
stresses and deformation as a result of welding [2-4]. The method has become 
more commonly used in the aerospace during the last decade. For example 
Roberts et al [5] used welding simulations to develop a process model for electron 
beam welding that predict residual stresses and distortion on compressor 
assemblies. Simulations of large fabricated components have earlier been done by 
for example Rick et al [6] and Andersen [7]. Large simulation models are 
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computational demanding and often require long modelling time. This is a 
problem when performing manufacturing simulations in the early stage of the 
product development. Andersen used a local/global approach where simulations 
results on a detailed solid model were mapped on a global shell model. Simplified 
models may be used to keep the modelling time short when making primary 
preparation in the manufacturing planning. These models can be less accurate in 
terms of quantitative analysis, but must describe a qualitatively correct behaviour 
so that it can be used to indicate whether changes in the manufacturing are an 
improvement or not. In the following chapters are different simulation models 
discussed, and methods for simulating the heat input and filler material during 
welding is shown. 

2.1 Simulation models in finite element analysis 
Simulations are based on choice of finite element formulation and a 
corresponding finite element model. Modelling the welding process includes the 
representation of thermal- and mechanical loads, the material behaviour and the 
choice of geometric model. In this section is the type of finite element formulation 
and geometric model for welding simulation discussed. The choice of geometric 
model depends on the geometry of the component, the nature of the boundary 
conditions and the desirable accuracy of the result. Lindgren [8] has categorised 
the different accuracy levels. They depend on the scope of the analysis to be 
performed. A simulation where the transient strains and stresses are wanted is 
defined as an accurate simulation, according to his definition. 

a) b) c)
 

Figure 5. Geometrical models in welding analysis, a) Standard 2D (plane strain), b) Shell 3D, c) 
Standard 3D (3D-solid).  
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Lingren also discusses the relation between accuracy levels and geometric 
models. Different geometrical models are shown in Figure 5, a is a plane strain 
model where the heat source is moving through the plane, b is a 3D-shell model 
where the stresses in the thickness direction is neglected and c is a model with 
solid elements. The different geometrical models give different transient 
deformation behaviour. It is of great importance not only to choose accuracy level 
but also to decide what type of deformation mode to be studied when reducing the 
geometric model to a subset of the general 3D-solid model. The different 
deformation modes are shown in Figure 6. 
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Figure 6. Deformation modes in welding analysis. 

In Paper II are the deformation behaviour for the different geometrical models 
studied and conclusions about the accuracy of the deformation modes are drawn. 
This is useful when choosing analyses model in the early stage of the product 
development.   

2.2 Heat input model 
There are different methods to simulate the thermal load in a welding analysis. 
One way is to prescribe the temperature in certain volume of material and adjust 
the temperature level in order to obtain an acceptable dimension of the fusion 
zone (FZ). A more sophisticated method is to use a double ellipsoid heat source 
first recommended by Goldak [9]. The heat flux is in this case distributed as a 
double ellipsoid, see Figure 7. Different welding processes can be simulated by 
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adjusting a limited number of parameters a, b and the length of the heat source cf  
and cr. 

cr cf

 
Figure 7. Double ellipsoid heat source. 

In Paper II is the double ellipsoid heat source used for all geometrical models. In 
the 2D model is the heat source passing through the cross section, as illustrated in 
Figure 5a. When using a shell model is the heat input on the top and bottom of the 
shell. For the shell models in Paper II is energy only distributed on the top of the 
plates to obtain the same fusion area on the top and bottom of the shell as in the 
solid models. 

2.3 Material model in welding analysis 
The material in all the cases presented in the appended papers is a martensitic 
stainless steel.  It consists initially of a ferritic and a pearlitic phase but change to 
austenite when the temperature is higher than the A3-temperature which is 
approximately 850°C. The ferrite/pearlite to austenite transformation is assumed 
to occur when the top temperature becomes higher than the A3 temperature. It is 
also assumed that all created austenite is transformed to marteinsite when the 
temperaure decreases below the Ms temperature because the cooling rate during 
welding is found to be so high that the material undergoes a complete martensitic 
transformation. This is found when studying thermal dilatation tests for cooling 
rates corresponding to this weld. The phase changes can be illustrated by the 
thermal dilatation shown in Figure 8 were point 1 represent the A3 temperature 
and point 2, the start of the martensite transformation. The cooling rate in the 
dilatation test was chosen to 0.3°C/s because it represent the lowest possible 
cooling rate in the temperature interval between 800°C and 400°C during welding. 
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Figure 8. Thermal dilatation, εth vs. temperature  

 A rate independent thermo-elastoplastic model with no hardening is used in Paper 
I. It is assumed that no creep strain is created during the welding process because 
the material is exposed for high temperature only during a short period of time. 
This is a common material model in welding analysis together with von Mises 
yield criterion and the associated flow rule [10]. This model is extended in Paper 
II and III with isotropic and piecewise linear hardening and with different yield 
limit for the different phases of the material. The model for the yield limit is 
shown in Figure 9 for the virgin material. Virgin material, is in this case a material 
that has not experienced any plastic deformation. σym is the yield limit for the 
martensite phase and σyf for the ferrite/pearlite phase. 
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Figure 9. Yield limit for different phases of the material depending on the peak temperature. 

 All accumulated plastic strains are removed when the temperature is higher than 
the melting temperature.  
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2.4 Addition of filler material 
Welding can be done with or without filler material depending on the process and 
requirements on the weld geometry. Filler material is commonly used in TIG- and 
laser welding. The modelling of addition of filler material poses some extra 
complications in simulation of welding. Lindgren, Runnemalm and Näsström [11] 
have compared two different approaches, the quiet element- and the inactive 
element technique when performing multipass welding simulations. In the quiet 
element technique is the filler material already included in the model in the 
beginning of the analysis but the corresponding elements are given low 
conductivity and stiffness so they do not affect the rest of the model. The elements 
corresponding to the filler material are not included at all in the model until the 
weld is laid, when using the inactive element approach. Lindgren et al [11]  
showed that both techniques can give the same result but the computational effort 
was reduced and the condition number of the stiffness matrix was improved by 
using the inactive element technique. 
  In Paper I was the inactive element technique used One row of elements was 
deactivated at the start of the analysis to simulate the gap between the welded 
plates. The volume of the inactivated element corresponds to the amount of filler 
material added during the welding sequence. These inactivated elements do not 
contribute to the stiffness matrix but they are active in the thermal part of the 
calculation. The elements are activated when the centre of the heat source is one 
heat source length from the element edge.  
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Figure 10. Transient gap behaviour, models and from measurements.  

Figure 10 shows the transient measured gap behaviour during laser welding and 
the simulation result from two different models, see Paper I. It can be seen that 
simulation model 1, as described above overestimate the final gap approximately 
3 times in this case. By combining the inactive and the quiet element method is a 
better result obtained, see model 2 in Figure 10. In the combined method is the 
elements activated before any heat flux has been given to the elements as for 
model 1. The difference is that the activated volume is transformed to quiet 
elements by given them a low yield limit and a zero thermal expansion. The 
combined method is illustrated in Figure 11 where the dark grey area corresponds 
to the quite elements. The accumulated plastic strains in the elements are put to 
zero for each time step until the material gets its normal material behaviour. When 
the temperature in a quiet element starts to cool, then it is assigned normal 
properties. 
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Figure 11. Combined method by using both the quiet- and the inactive element approach. 

3. Simulation of stress relief heat treating 
Detailed heat treatment simulations have earlier been done by for example 
Donzella et al [12] who predicted the residual stresses and microstructure in a 
solid rail wheel. Thuvander [13] showed good correlation between simulated and 
measured distortion due to quenching of a tool steel. Combined welding and heat 
treatment analysis have been done by for example Josefson [14] who calculated 
the residual stresses after post weld heat treatment of a thin wall pipe. 
  All heat treatment processes can be divided in a number of sequences, see Figure 
12. The heating sequence is defined as the time where the furnace temperature is 
increasing at a certain rate in a regular- or a low pressure environment. During the 
holding sequence is the temperature held at a constant level in a specific time. The 
component is then cooled down to room temperature by using a gas or a liquid.  
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Figure 12. Temperature history in heat treatment processes. 

  An important issue in heat treatment analysis is how well the boundary condition 
of the model represents the actual process. The heat transfer from the surrounding 
should give the correct temperature gradients in the component. In Paper III is a 
stress relief heat treatment simulation performed on an aerospace component. The 
individual simulation stages and the material models used are described in the 
following chapters. 

3.1 Material behaviour during stress relief heat treatment 
A rate independent thermo-elastoplastic model is used during the heating 
sequence because of the low creep strain rate at temperature below 500 °C. The 
stress relaxation during this period of time is mainly because of the decrease in 
yield limit with increasing temperature. However, the creep can not be ignored 
during the holding sequence. A creep model is then used in combination with rate 
independent plasticity, see Equation 1 where is elastic strain-, is thermal-, 

 plastic- and  is the creep strain rate. An additive decomposition of these 
strain rates is assumed. 

eε& thε&
pε& crε&

  (1) crpthetot εεεεε &&&&& +++=
 
This constitutive relation has earlier been used by Josefson [14] and the 
independent assumption between the plastic- and creep strain increment is shown 
by Otterberg [17] for a 21/4 Cr1Mo steel. He showed in his study that that the 
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parameters in the creep law are almost independent of the magnitude of the 
applied plastic strain. The time dependent plasticity (creep), is simulated by the 
use of Nortons law [15]. The constants k and n in in Nortons law, see Equation 2 
can be determined by performing stress relaxation tests in the specific temperature 
interval. Figure 13 shows a simulation result of a stress relaxation test performed 
on a specimen at the holding temperature. 
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Figure 13. Simulated stress relaxation test at the holding temperature. 

 In Equation 2 is  the creep strain rate, cr
ijε& nσ the equivalent stress and is the 

deviatoric stress component. 
ijs

 ij
ncr

ij sk ⋅⋅= σε&  (2) 
In Paper III was Norton’s law used with parameters evaluated only at the holding 
temperature. The creep strain rate effect is also neglected during the cooling 
sequence because of the rapid cooling from the high temperature region. 

3.2 Heating sequence 
A thermal radiation boundary condition is used to simulate the heating from the 
walls of the vacuum furnace. The temperature of the walls is one parameter used 
to control the heating of the components. In the simulation model is the 
temperature of the walls controlled by a master curve. One example is given in 
Figure 12 where short holding times during heating are used in order to reduce 
large temperature gradients in the components. The shape of the furnace and 
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components are taken into account when calculating the radiation viewfactors 
factors in the beginning of the analysis. Figure 14 shows a schematic picture of 
the heat treatment model used in Paper III. The size of the furnace model does  
not represent the actual size of the furnace, however this simplification can be 
done because of the properties of radiation for a completely surrounded body [18]. 

Furnace walls

Component

 
Figure 14. Simulation model of furnace and an aerospace component. 

3.3 Cooling sequence 
The cooling of the component is controlled by blowing gas into the charge 
volume. The gas flow is changing direction every 10 seconds to produce a 
uniform cooling of the component. The gas flow is highly turbulent giving a 
nonuniform velocity field around the components, which effect the heat transfer 
between the gas and the components. 
  The amount of energy transferred from the components to the gas during cooling 
is dependent on two major parameters, the temperature difference between the 
component surface and the surrounding, and the heat transfer coefficient h. Lind 
[16] used Computational Fluid Dynamic (CFD) simulations to obtain an 
approximate distribution of the surface heat transfer coefficient when quenching a 
steel cylinder in a gas cooled furnace. In Paper III is also the heat transfer 
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coefficient on a components surface calculated using CFD but the result is 
exported to a finite element program where the temperature distribution, stress 
and deformation of the component was calculated for each time step. It was 
assumed that the time to reach stationary flow was short, and therefore h is 
assumed independent of time for each flow direction.  

4. Summary of results 
In Paper I is a three-dimensional solid element model used when performing 
simulation of a laser welded plate. The heat input was simulated by a moving heat 
source. Elements were activated along the welding path in order to account for the 
wire feeding. Large deformations, temperature dependent material properties, 
volume changes due to phase are included in the model. Experiments have been 
performed in order to evaluate the accuracy of different deformation modes.  
By using a combination of the quiet element- and the inactive element technique 
was the transient gap behaviour predicted with acceptable accuracy. The 
experimental set up developed in this work is found simple to use and effective 
for evaluation of simulation models. The simulation time was found unacceptable 
if this kind of simulations shall be a support tool in the product development. 
  Complex geometrical shapes usually make this type of simulations time 
consuming, it is of great interest to investigate if correlation between simplified 
and detailed analysis can be made. Knowledge of what type of simplifications that 
can be made in different situations is crucial if the computational time should be 
kept low although the accuracy of the result must be acceptable for analysis of 
complex structures. In Paper II is the deformation evolution in a plate studied as 
the welding process is performed. Comparison of deformation pattern and residual 
stresses from 2D, 3D-shell and 3D-solid models are presented and conclusions are 
drawn about the applicability of the different models in analysis of complex 
structures.  
  The developed simulation method in Paper I and II is applied on an application 
from the aerospace industry, which is presented in Paper III. In the aerospace 
industry is the control of critical dimensions of a component during the 
manufacturing process of great importance in order to maintain the quality with 
reduced lead time and cost. Simulations can be a tool to obtain information about 
dimension, shape , and residual stresses after each process. In Paper III presents a 
simulation method for combined welding and stress relief heat treating analysis 
and the use of computational fluid dynamics to estimate the heat transfer 
coefficient on the component’s surface during heat treatment. 
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5. Discussion and Future work 
The aim of the current work is to develop an efficient and reliable method for 
finite element simulation of welding and stress relief heat treatment. The used 
experimental set up has shown effective to reveal weaknesses in computational 
models for welding analysis. The accuracy of the welding simulations is 
acceptable with respect to the gap behaviour and the result can be used in detailed 
manufacturing preparations but the computational effort is tremendous for large 
components.  
  The behaviour of different geometric models have been studied for a number of 
different restraint sets on a simplified geometry. The aim of the study has been to 
estimate the error when making model simplification and draw conclusions about 
the applicability for larger structures in order to obtain a more efficient simulation 
tool. The result of this work show that the 3D-shell and solid models for thin 
plates have similar behaviour and that all models used show similar final 
deformation transverse to the welding direction. A 3D model (solid or shell) has 
to be used in order to capture the transient butterfly and bending behaviour if not 
the structure is rigidly clamped. Dike [19] also showed the variation in stress state 
around the circumference of a butt-welded pipe. This behaviour cannot be 
captured in a axi-symmetric model and the result from a stress relief heat 
treatment simulation would not be the same for a axi-symmetric- and a 3D-model, 
unless the component is rigidly clamped as shown in Paper II. 
   The stress relief heat treating process in a gas cooled vacuum furnace can be 
simulated by using radiation boundary conditions for the heating sequence. CFD 
has shown to be a useful tool when predicting the boundary conditions during the 
cooling stage of the process, and that these conditions are strongly dependent on 
the position of the component in the furnace. There are also large differences in 
heat transfer coefficient on the individual surfaces on the component. Stationary 
flow in the furnace can be assumed even if the flow direction is changing for 
every 10 seconds. 
  The work is continuing to evaluate the use of shell elements in heat treating 
analysis and an implementation of a more accurate material model where the 
correlation between weld deformation and creep properties during heat treating is 
investigated. The heat treatment results has not been verified with experimental 
data, therefore no conclusions can be drawn about the reliability of the method. In 
all simulated cases have transformation plasticity been neglected, this may also 
affect the residual stress field due to welding. 
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