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Abstract:

Numerical simulation technology have
in recent years developed and become
widely used for welding simulation, to
predict welding temperature field, resid-
ual stresses, distortion and optimiza-
tion. However, the influence of initial
stresses in the structure, prior to weld-
ing, have barely been investigated ex-
perimentally and numerically. In the
present work, a computational approach
based on thermal elastic plastic finite el-
ement method have been developed to
clarify the effect of initial stresses on dis-
tortion in the welded structure. Exter-
nal load is applied, deforming the mate-
rial in the plastic area and inducing the
initial stresses prior to the laser weld-
ing process. After deformation, laser
beam welding is conducted to joint the
plates together. Through comparing the
distortion in a structure after deforma-
tion induced stresses and welding with
a structure without initial stresses after
welding, the influence of initial resid-
ual stresses have been investigated. The
numerical results show that the initial
stresses have little to no effect on the dis-
tortion post welding.
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additional reading for further information.

• All source references are compiled in a bibliography at the back of the report.

• Figures, equations and charts are numbered according to chapter number,
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under the equation or in the referring text, once established the same nomen-
clature is used trough the report.

• If not stated explicitly otherwise, units are assumed to be SI-units. Decimal
point (.), is used as decimal separator.
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Chapter — 1

Introduction

1.1 Background and motivation

Laser beam welding is a welding technique in fast rising within manufacturing
processes in numerous industries. The advantages of this welding technique in-
cludes high energy density and low heat input, compared to conventional welding
techniques. Laser welding allows for higher welding speed, thus higher trough put
rate, no additional material is needed during the process and it is a non-contact
joining process.

Due to the high power density in the welding technique, it is possible to focus the
laser beam power to a very small spot diameter. As a result the heat affected zone
is smaller, lower distortion, residual stresses and strains, compared to conventional
welding processes [1].

However, it is not possible to avoid residual stresses and distortion altogether, in
the laser welding process. The local heating and subsequent non-uniform cooling
of the material, will induce a complex distribution of stresses in the weld region
and cause unwanted geometric distortions in the welded structure. As the welding
induced distortion can make the assembling process problematic and also severely
impair the performance and reliability of the welded structure, they must be prop-
erly dealt with.

Most welding processes operate in conduction mode, where the heat input from
the laser light on the material surface is transferred through the material by con-
duction. In laser welding, where the power density usually is higher, the formation
of a keyhole is present, accompanied by the phase change phenomena melting and
evaporation. Due to the complex physical phenomena occurring in a very short
time during the welding process, the optimization of the process is a difficult task.
Conducting welding experimental based on trial and error are time consuming and
with many operative difficulties increasing the total cost of the process [1].

A numerical approach to model the laser welding process have proven its im-
portance by providing a deeper understand of the laser welding physics, making

1



2 Chapter 1. Introduction

it more reliable and relevant to industry applications. The process parameters of
the laser welding process can be defined efficient to save time and cost.

The laser welding process is commonly one of several operations during the
manufacturing of a structure. The part might undergo thermal or mechanical pro-
cesses during the manufacturing process, prior to welding, which produce residual
stresses due to local plastic deformation. These residual stresses have been found
to in general have a negative impact on a structure. Their effect on the weld, specifi-
cally distortion, when present prior to welding should be investigated. Knowledge
of the correlation between initial stresses and welding induced distortion would be
beneficial as precautions could be made during design and manufacturing stage of
the welded structure.

1.2 Project description

1.2.1 Scope and objectives

In this study, numerical simulation method based on finite element method and
thermal conduction heat transfer is used to clarify the influence of initial residual
stresses on distortion induced by welding in an austenitic stainless steel model. In
the finite element model, a three point bending process is assumed to generate the
initial residual stresses and a laser beam is used to perform the welding.

1.2.2 Design and material

Figure 1.1 illustrates the model of the structure used in this study. The structure
consists of two parts, the rectangle plate, called the stiffener, has a length of 80 mm
and a width of 60mm, and the bent plate has a height of 10 mm and a length of 100
mm. The material used for this purpose is EN-1.4301 stainless steel sheets with a
thickness of 1.5 mm for both parts of the structure.

Figure 1.1: The configuration of the model used for the welding simulation.
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Austenitic stainless steel EN-1.4301 is used in numerous industries due to hav-
ing the advantages of low thermal conductivity, being a superior laser light ab-
sorber, high resistance to corrosion and high stability at elevated temperatures [2].
The composition as percentage of weigh for standard stainless steel EN-1.4301 are
presented in table 1.1 [3].

Elements C Si Mn N Mo Ni Cr Ti &Nb
wt % 0.02-0.08 0.50-3.00 1.00-2.00 0.00-0.15 0.00-2.00 19.00-20.00 16.00-25.00 0.00-0.20

Table 1.1: The chemical composition of standard stainless stell EN-1.4301.

1.2.3 Case studies

Two main case studies, A and B, were considered for the investigation to account
for the stresses induced prior to the welding process. These two specimens will
have the same geometry and material properties.

The intention is to ahead of the laser welding process have one structure with
stresses and one with out, case A and B respectively, for comparison following
the welding process. By having the models identical to each other, except for the
initial stresses, any uncertainties surrounding other factors influencing the final
distortion in the structure are removed.

Case A and B will both additionally have two different weld paths. A1 and B1
will be welded along the inside of the bent shape, and A2 and B2 will be welded
along the outer line. This has the objective of deciding if the placement of the weld
seam will influence distortion in the structure.

• Case A1: Initial stresses and welded along the inner line of the bent shape.

• Case A2: No initial stresses and welded along the inner line of the bent shape.

• Case B1: Initial stresses and welded along the outer line of the bent shape.

• Case B2: No initial stresses and welded along the outer line of the bent shape.

1.2.4 Stress Generating

Stress was generated in the plate of the structure by a three-point bending simula-
tion. The explicit bending analysis was followed by a springback analysis to relax
the bent plate before the welding was initiated. The springback analysis removes
some of the stresses from the bending operation to avoid sudden movements in
the plate at the initiation of the welding. The permanent deformation of the plate
was achieved by applying a load which induced high enough stresses to reach the
yield strength of the stainless steel material and hence the plastic area of deforma-
tion. The material model for the finite element bending model was identical to the
one employed in the modelling of the laser welding process, and will be described
in section 3.5. The final stresses in the bent plate after conducting the springback
analysis can be seen in figure 1.2 and 1.3. From this figure it can be seen that the
highest compressive and tensile stresses in the bent steel sheet are 248.28 MPa, and
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259.62, which both surpasses the yield strength of 215 MPa for the steel grade.

Figure 1.2: Compressive stresses on the bent
plate for case A1 and B1.

Figure 1.3: Tensile stresses on the bent plate
for case A1 and B1.



Chapter — 2

Literature review

As the introduction states, numerical methods are widely employed for opti-
mization and understanding of the laser welding process. The laser welding pro-
cess being a complex process with coupled physical phenomena happening in the
melt pool is making the numerical modelling challenging.

Several state of arts studies on the numerical approach to the laser welding pro-
cess can be found in literature [4], [5], [6]. According to [4] simulating the com-
plete phenomena occurring during the laser welding process is not yet possible,
although a few at temps on the comprehensive keyhole formation can be found in
literature [7], [8], [9], [10].

The numerical techniques and computer performances have matured over the
last years, and the number of physical phenomena and couplings that can be taken
into account in the different welding simulations have increasing significantly [11].
In literature, the so called ”multi-physical” models, which aims at simulating the
process impact on the temperature field with as much phenomena as possible, are
extensively reported in history. [12] investigated the keyhole dynamic and shape
by taking into account the heat transfer and fluid flow in solid, liquid and gas state.
Investigation of the effect of keyhole formation on the liquid melt pool and weld
bead were conducted by [13]. Investigation of molten pool shape and temperature
field while accounting for melting and evaporation entalpy, recoil pressure, surface
tension and energy loss due to evaporating materials was done by [14].

To simplify the numerical problem, the ”thermo-mechanical” model is exten-
sively employed. This model considers a simplified thermal problem and are only
solving a conductive heat transfer problem and a mechanical problem, by neglect-
ing the the multi-physic and flow effect in the molten weld pool [11].

As the figure 2.1 describes, in such models the absence of fluid flow, and hence,
thermal convection are assumed to be compensated for by using a volumetric
”equivalent” heat source [4]. [15] used the approach of equivalent heat source
to compute the transient thermal field in thick steel plates. [15] used an equivalent
heat source to simulate the heat transfer in a hybrid laser-MIG welding process.

5
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Figure 2.1: Laser welding simulation method.

[16] investigated the distortion in an aluminium plate with the use of an equivalent
heat source. The difficulty with this numerical approach is to find a representation
of the heat source that will give a good representation of the neglected phenomena
in the weld pool.

Studies on the temperature distribution, residual stresses and distortion post
welding, and the influence of different parameters and welding conditions have
been reported extensively in the literature.

A numerical model to simulate the temperature field in a laser welded steel
structure was done by GuoMing et al. [17]. Sun el al. compared welding induced
residual stresses and distortion in thin sheet structures, from laser welding and
C0 2 gas arc welding [18]. The results show that the laser welding process was
superior in terms of both residual stresses and distortion. A comparison between
experimental and finite element simulation investigation of weld pool geometry,
transient temperature and distortion of laser welding of thin aluminium sheets
where conducted by [19]. The result show good agreement for the comparison.

The previously presented literature studies have mainly been butt welds, but
T-joint configurations have also been in the focus of several studies in literature.
Buckling distortion in a thin thin walled aluminium T-joint configuration was in-
vestigated with the use of an uncoupled thermo-elastic-viscoplastic model by [20].
The effect of clamping conditions on buckling, bending, angular distortion as well
as residual stresses where investigated by Schenk et al., and where found to have a
great impact [21]. [22] investigated the effect of metallurgical phase change on dis-
tortion in a welded T-joint by comparison of a thermo-mechanical analysis and a
thermo-metallo-mechanical analysis. The result show that including phase change
has a negligible impact on distortion. [23] tried to predict the temperature field
and bead geometry of a steel T-joint by investigating the effect of beam power,
weld speed and beam incident angle.
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Most of the developed numerical models only considered the welding process
itself. As stated in the introduction, parts usually go to operations as part of the
manufacturing process, which can induce stresses in the part prior to welding. This
was the case for [24], where the results of the numerical methods did not match the
experimental measurements well, due to the presence of residual stresses affecting
the welding process. The influence of initial residual stresses on the final residual
stresses after welding have been investigated by [25]. The results show that the
there is a significant effect. Despite this, the research conducted on initial stresses
from manufacturing is limited, and to the authors knowledge there are no literature
on its influence on distortion after welding.





Chapter — 3

Finite Element Modeling

The laser welding process was modeled using the finite element method based on
conductive heat transfer and a mechanical problem. The analysis was performed
as a sequential coupled thermo-mechanical model, where the heat transfer analysis
was followed by the mechanical analysis. The mechanical analysis uses the nodal
temperatures from the thermal analysis as input to calculate the distortion and
residual stresses in the model. In figure 3.1 the sequential solver is demonstrated.

Figure 3.1: illustration of the coupled thermo-mechanical analysis strategy.

Calculations and analysis was performed using LS-DYNA finite element code,
while LS-PrePost (4.7) was employed for the pre and post-processing. The com-
plete keydeck, except for node and element data is presented in Appendix A. For
the entire numerical calculations, the unit system (b) was used according to LS-
DYNA Manual [26].

9
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3.1 Assumptions and exclusions

As stated in the introduction, laser welding is a complex process and the whole
phenomena is not yet possible to simulate [4]. To keep the model simple, some
assumption and exclusion made for the model will be presented:

• The initial temperature of the model is set to the ambient surrounding tem-
perature.

• Radiation and convection heat loss from the surface of the workpiece are
taken into account.

• The fluid flow and convection in the molten weld pool are neglected. To
compensate for the effect of fluid flow, an equivalent volumetric heat source
generates the heat inside the material.

• Thermo-physical properties of the material are given as a function of temper-
ature.

• Surface forces and plasma pressure are excluded.

• Laser-material interaction and absorption mechanisms are neglected.

• Laser-arc distance and synergy effects are excluded.

3.2 Thermal conduction model

For the calculation of the temperature distribution Fourier’s equation for three
dimensional heat conduction was used. This equation with temperature dependent
material properties is given by the following partial differential equation:

pc(T)
δT
δt

=
δ

δx
(k(T)

δT
δx

) +
δ

δy
(k(T)

δT
δy

) +
δ

δz
(k(T)

δT
δz

+ qv (3.1)

In the above equation qv is the volumetric internal energy generation; T is
the temperature; x,y and z represent space coordinates; t represents time; p is
the density of the material; c the specific heat and k is the thermal conductivity
coeffisient.

3.3 Heat source model

The proper selection of heat source is critical to get an accurate thermal distribution
and hence geometric distortion and stresses. Different studies have for this reason
been conducted with a focused on finding a simple and reliable heat source [27],
[28], [29].
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Various volumetric heat source models have been proposed for the laser welding
process, two of these heat sources that are widely known and commonly used
are the double ellipsoidal volumetric heat source [30] and the three dimensional
conical heat source [31] The double ellipsoidal heat source model was originally
intended to be suited for both shallow welds made by arc welding processes and
deeper penetration welds resulting from high power density processes.

This relatively simple heat source model consider a Gaussion heat intensity dis-
tribution along the thickness of the workpiece. It combines two ellipsoid for the
heat distribution, as it was discovered through experiments that the temperature
gradient in front of the moving heat source differed from the one trailing behind
it. This introduced the two fractions f f and fr of the heat deposit in the front and
rear quadrants, where f f + fr = 2 [30]. The power density distribution inside the
front and rear quadrant of the moving arc heat source, as seen in figure 3.2, can
mathematically be expressed by the equation:

q f (x, y, z, t) =
6
√

3 fiQ
abcπ

√
π

e−3x2/a2
e−3y2/b2

e−3[z+v(τ−t)2]2/c2
(3.2)

qr(x, y, z, t) =
6
√

3 fiQ
abcπ

√
π

e−3x2/a2
e−3y2/b2

e−3[z+v(τ−t)2]2/c2
(3.3)

where, the parameter a represent half the ellipsoid width, b represent the dept
and c the length of the ellipsoid. The parameters can be seen in figure 3.2, which
represents the heat flux distribution by a double ellipsoid heat source model.

Figure 3.2: Double ellipsoid heat source model [32]

The conical heat source model, seen in figure 3.3 was proposed as the power
distribution of the double ellipsoidal heat source model was not applicable to weld-
ing process with very high width to depth ratio. This model has a constant power
density in the shape of a cone, with the maximum power density region at the
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top that linearly decreases to a minimum at the bottom [31]. The mathematical
expression for the power density distribution are given as:

Qv(r, z) = Q0exp(
−3r2

r2
0

) (3.4)

where, Qv represents the total volumetric heat flux, Q0 represent the maximum
value of the heat flux, r is the radius of the cone as a function of Cartesian coordi-
nates x and y. The distribution parameter for the cone as a function of depth (z),
r0, can be expressed as

r0(z) = re − (re − ri)
ze − z
ze − zi

(3.5)

Figure 3.3: Three dimensional conical heat source [32]

3.3.1 Laser welding and heat source parameters

For the numerical modeling of a heat source the weld pool geometry must be pre-
defined as its dimensions physically are the same as the heat source’s. Predicting
the weld pool geometry is no easy task, with several interacting parameters influ-
encing the dimensions. The three main variables that must be considered are:

• Laser power

• Travel speed

• Focal point position

The process parameters and their effect have been well documented in the lit-
erature. Both predicting the pool geometry and optimization of the welding con-
ditions by developing mathematical models and numerical methods have been
reported [33], [34], [35], [36] [37], [38], [33], [39]. Finding a model that works across
different design geometry and material models have proven to be difficult, but the
effect and correlation of the welding parameters and the weld pool geometry have
been identified.
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The weld speed have great influence of the size of the weld pool, high velocity
gives a smaller melt pool. The weld pool becomes narrow and shallow due to the
low interaction time between the metal and laser beam. Increasing the laser power
have the opposite effect as it produces higher heat input, which results in deeper
penetration [38].

Most research use experimental data to define the weld pool geometry and cal-
ibrate the numerical models accordingly. During this study no experimental laser
welding for comparison of the weld pool were conducted and the weld parameters
defining the weld pool geometry are set according to prior researchers’ work. For
validation of the model a set of fitting welding parameters are selected based on
geometry and material.

The finite element model will be validated against two sets of welding parame-
ters. As discussed the parameters influence the final result on the weld and could
have an impact on the distortion as well.

The first set of welding parameters replicates a study who used numerical sim-
ulation to design welding parameters for laser welding of thin stainless steel AISI
304 tubes, with a thickness of 0.8 mm. With the use of a volumetric heat source this
study investigated the influence of welding parameters and verified the numerical
results experimentally [40]. For this purpose a conical heat source was chosen to
describe the heat distribution of the laser beam, with the parameters seen in table
3.1.

ri re z
0.3 0.2 1.0

Table 3.1: Conical heat source parameters.

A previous student project simulated a laser welding process on a T-joint with
a plate thickness of 1.5mm and material EN-1.4301, with the use of a double ellip-
soidal heat source [3]. The welding conditions from this study can be reproduced
exactly, except for the angle of the laser beam, where the weld went through the
stiffener plate.

As presented in section 3.3 the double ellipsoid heat source consists of four
parameters that must be determined. Goldak et al. suggested that it is reasonable
to take half the length of the frontal ellipsoid as half the weld width and the length
of the rear as twice the weld width. The best correspondence between measured
and the calculated results for the fractions f f and fr was found to be when set to
0.6 and 1.4, respectively [30]. This was implemented by [3] and the predicted heat
source parameters are seen in table 3.2, below.
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a b c f cr f f fr

0.64 3.4 0.64 2.56 1.4 0.6

Table 3.2: Goldak double ellipsoid heat source parameters.

The described studies had an incidence angle of 900 for the laser beam, which
is not applicable in the current numerical model. In a study by [23], the beam
angle was investigated and optimized for laser welding on a stainless steel AISI
304 T-joint, of 1.6 mm thickness. An incidence angle of 60 degrees gave the best
results and will be used in the finite element model, seen in figure 3.4. It should
be noted that [23] welded the structure from both sides, which might effect the
optimized incidence angle of the laser beam.

Figure 3.4: Incidence angle of the laser beam.

The welding parameters used together with the Goldak and conical volumetric
heat sources are presented in table 3.3.

Power [kW] Speed [mm/min] Angle
Conical 1.25 500 60
Goldak 1.42 1200 90

Table 3.3: The laser welding parameters with the volumetric heat sources.

3.4 Thermal boundary conditions

In order to find the general solution for differential equation 3.1, boundary and
initial conditions must be specified. The initial condition at t = 0 the work piece
have a uniform primary temperature, which are set to the ambient temperature T0

of 293K as following:

T(x, y, z, 0) = T0(x, y, z) (3.6)

During the laser welding process the work piece exchange heat with the ambi-
ent surroundings, due to the significant difference in temperature. This heat loss
from all free surfaces boundaries of the work piece, to the ambient air, happens in
the form of radiation and convection [41].
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Heat loss by the means of convection is heat transfer through movement of
molecules, diffusion and fluid motion, caused by temperature difference. The phe-
nomena can be either natural or forced, the latter being external forces influencing
the flow rate, increasing the convection rate. In this model, forced convection is as-
sumed due to having an flow of air to keep residue from entering the laser during
the welding process.

This form of heat transfer is only dependent on the convective heat transfer
coefficient of the material and the temperature difference, given by Newton’s law:

qc = −h(T − T0) (3.7)

Where qc is the heat loss from the work piece surfaces due to conduction, given
in W/m2, h is the constant convective coefficient. T0 is as stated the ambient tem-
perature and T the temperature of the work piece.

Heat loss by means of radiation is energy emitted by the object through elec-
tromagnetic waves to the ambient air [42], and given by the equation:

qrad = −εσ(T4 − T0
4) (3.8)

Also given in W/m2, with σ being Stefan Boltzmann constant and ε is the
emissivity factor for the material, that provides a measure of the energy emitted
from the surface relative to a black body [43].

The values used for the heat transfer coefficient and radiation constants are given
as:

• convective heat transfer coefficient for air flow, h f orced = 0.1 mW
Kmm2 [44]

• Emissivity of steel surface, ε = 0.8 [45].

• Stefan Boltzmann constant, σ=5.67x10−8W/m2K4.

• Thermal contact conductance coeffisient, hcond = 16.2 [46]

Additionally, thermal contact between the plates are used to account for the
complex nature of the thermal boundary conditions in the model. The contact
is defined by the keyword CONTROL CONTACT-AUTOMATIC SURFACE TO
SURFACE TIED WELD, which is a two way contact, where the slave nodes are
constrained to move with the master surface [26]. When including the thermal
option of the keyword, the keyword will tie the selected surfaces together if the
temperature of the surfaces rises above the lateral heat of the material. This key-
word also accounts for the presence of thermal conductance between the interface
of the parts during the welding process.
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There is a slight gap between the two parts to be welded together, as they could
not be aligned perfectly. This is accounted for in the contact definition as well, as
it allows for setting a maximum distance where nodes on each of the parts to be
welded together, within this distance, will be tied together. The gap can be seen in
figure ?? as cross-sections of the model at different lengths along the x-direction of
the Stiffener.

Figure 3.5: Caption

Figure 3.6: Illustration of where along the x-axis of the model the gaps in figure ?? can be found.

The figure 3.6 illustrates the cross-sections, at x=15, x=40 and x=65, respectively.
As can be seen in figure 3.5 the gap is largest along the back of the bent shape and
reaches it maximum at x=40.The maximum distance to close this gap between the
two surfaces during welding is set to 0.5 mm to ensure the surfaces being tied
together along the complete weld path.

3.5 Material model

To accurately model the thermal-mechanical behaviour during welding, temper-
ature dependent material properties are used in the numerical model. For the
thermal solver, thermal conductivity and heat capacity have been considered to be
temperature dependent, as shown in figure 3.7
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Figure 3.7: Temperature dependent thermal physical material properties of STEEL

The mechanical properties was modeled using a thermo-elastic-plastic model
with kinematic hardening. This model uses temperature dependent material prop-
erties for Young’s moduli, Poissons’ ratio, thermal expansion coefficient, yield
stress and plastic hardening modulus, seen in figure 3.8, to calculate the mechani-
cal response to temperature change.

Figure 3.8: Temperature dependent mechanical properties of STEEL

The required material properties, except for the hardening modulus, were ob-
tained from [47]. The hardening modulus is obtained by solving the Holloman’s
equation for true strain and stress given as:

σ = K + εn (3.9)

where, σ represents the stress applied to the material, ε represents the strain,
K is the strain-hardening coefficient and n the the strain-hardening exponent. []
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approximated the strain hardening modulus for the strain value 0.1 and result are
used in this model.

The material models are set up with the keywords *MAT CMW and *MAT
THERMAL CWM in LS-DYNA. These are specific welding material models, which
allows for material creation and annealing. The state of the material is given by
an activation temperature where a solid state is given a very low activation tem-
perature and the liquid phase activation temperature is typically the melting tem-
perature of the material. The annealing functionality is implemented to simulate
a limiting temperature where history variables as effective plastic strain and back
stress are zeroed out [48].

3.6 Numerical model

The full size specimen was considered for the finite element models for the laser
welding process. Although, using symmetry to save computational cost be bene-
ficial to do so would not give the full extent of the displacement in the structure
post welding.

3.6.1 Elements

The element formulation is set to be 8-node fully integrated S/R elements un-
der keyword *SECTION-SOLID in LS-DYNA pre-post. Solid elements are three
dimensional finite elements that can model bodies and structures without any a
prior geometric specification. This benefit of this element behavior is not need-
ing any hourglass control, as there are no zero-energy modes. Fully integrated
elements are computationally costly but give accurate results [49].

3.6.2 Discretization

The discretization of the finite element model is an of great importance in the
model setup as it significantly effects the accuracy of the results. The minimum
discretization requirements must be met for the model to compute an accurate
description of heat flow for the welding process. If excessive degrees of freedoms
are present in the model the computational time will be lengthy, hence a balance
that insure a sufficient solution and at the same time comes with an acceptable
simulation time must be determined. The element size is especially crucial along
the weld, where the temperature gradients are steeper, and the element size should
be chosen accordingly.

[50] investigated the sufficient number of elements in a finite element model
based on three requirements.

1. Spatial discretization: the number of elements per radius of the laser spot.
This number will determine the total number of DOF.

2. Temporal discretization: the number of time increments per radius.
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3. Meshing density through thickness: number of elements in the thickness
direction

This research found that increasing the number of elements after 2 per radius
and three through the thickness would not significantly increase the accuracy. The
number of time increments was found to have a good accuracy at four per time
step.

Following the guidelines of [50] the time to complete the analysis proved to
become impractically large. To obtain an appropriate mesh density for the finite
element model, the intention was to have the simulation of the laser welding pro-
cess performed considering two different mesh models for comparison. Due to
time issues only one of the mesh model was considered.

Two identical models with different element size were supposed to be set up to
investigate the mesh density necessary to achieve sufficient accuracy. Both models
with element size, number of elements and nodes are presented in table 3.4, where
the model 1 with coarser mesh was used for the finite element model. The meshed
structure are shown in figure 3.9 and a detailed view of the element size in the
mesh, in figure 3.10.

Model Nr of elements Number of node
Element dimensions

bent plate
Element dimensions

stiffener
1 43 650 58 540 0.67x0.67x0.3 0.67x0.67x0.5
2 116 000 142 212 0.5x0.5x0.3 0.5x0.5x0.3

Table 3.4: Mesh models with their elements and dimensions.

Figure 3.9: Finite element model of the structure with detail view of the mesh 1.
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Figure 3.10: Detailed view of the element size of mesh 1.

3.6.3 Implicit

Implicit time integration is used as a solver for this study. The solution is obtained
in a number of steps, and the solution for the current time step is based on the
solution from the previous. A large numerically effort is required to form, store
and invert the system of equations, but implicit solutions have the advantage of
being unconditionally stable and facilitate larger time steps [51].

3.6.4 Time step

The proper selection of the time step is of great importance for the accuracy and
stability of the thermal solver. The time step should be calculated in accordance
with the element size, where this relationship is especially important in the regions
of the weld where the thermal gradients are high [52].

The critical value of the time step in regions with severe thermal gradients are
given as a relationship between the element size (∆x)and thermal diffusivity:

∆t = 0.25
∆x2

α
(3.10)

where

α =
k

ρCp
(3.11)

The thermal diffusivity, α of the material is the ability to transport heat trough
conduction (k) relative to the ability of storing it (ρ ∗ Cp) and are dependent on the
thermal physical properties of the material [52]. The time step is determined by
using the thermal diffusivity at the melting temperature (0.234mm2/s). Substitut-
ing this value in Eq. 3.10 the time step calculated for the element size of 0.5 is
∆ = 0.28s. This time step was used for the entire numerical calculation, where the
time step for the model is variable, allowing smaller time step to be used in the
analysis, but forces the solver to stay below the set value.
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3.6.5 Weld

The heat source model is implemented in the numerical analysis by implementing
the keyword *BOUNDARY THERMAL WELD TRAJECTORY in the model. This
keyword includes several different heat sources models to choose from and options
for defining the weld. The trajectory of the weld are set by nodes, where the laser
beam will trace the nodes in the set order, hence letting the user define the weld
from starting point to end point. The possibility of choosing the angle of the laser
beam are done by having a segment set, which the laser beam are perpendicular
to, unless otherwise stated. The angle are changed by using a curve where the
angle are time dependent. The nodes for the trajectory and the segments for the
direction can be seen in figure 3.11 for the Case A and figure 3.12 for Case B.

Figure 3.11: Nodes and segments indicating the weld placement.

Figure 3.12: Nodes deciding the laser beam path and segments the laser beam will be normal to.

To control the heat input, a curve that defines the heat input according to time
is used. The welding is completed in the first 5 seconds and 3.333 seconds for the
welding parameters set 1 and 2, respectively, of the total 20 seconds long simula-
tion.
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3.6.6 Model boundary conditions

The workpiece is fixed in space, with three of the workpiece’s sides mechanically
constrained against movement.

The only constraint on the stiffener plate should be sufficient support the place
in the right position during welding and restricts movement in all directions, but
are free to rotate around all axes. This one is applied along the x-axis on the edge
on the backside of the bent shape, shown in figure 3.13

The bent plate are more constrained as it is more prone to movement during
welding initiation. The upper edge is constrained for all translation and rotation,
except translation i the z-direction. The vertical edge where the weld is initiated, is
restrained in all six degrees of freedom. These constraints are illustrated in figure
3.14

Figure 3.13: Constraints on the stiffener. Figure 3.14: Constraints on the bent plate.
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Results and discussion

4.1 Goldak double ellipsoidal heat source

4.1.1 Case A1 and A2

The computed temperature distribution of the three dimensional finite element
model can be seen in figure 4.1- 4.6 with a laser power of 1,42 kW, a welding speed
of 20 mm/s, an incident angle of 600 and the laser beam tracing along the inside
of the bent plate. The temperature legend is dynamic, to properly display the
temperature distribution during the cooling time after the laser welding process in
completed after 5.0 seconds.

The temperature in the weld pool where the laser beam is positioned is around
3300 K, fluctuating slightly between time steps. The temperature is not constant
throughout the laser welding process, which is probably due to the element size
or time step is too large to accurately describe the temperature field in the finite
element model.

Figure 4.1: Temperature distribution 0.2 sec-
onds after welding initiation.

Figure 4.2: Temperature distribution 1.5 sec-
onds after welding initiation.

23
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Figure 4.3: Temperature distribution 3.0 sec-
onds after welding initiation.

Figure 4.4: Temperature distribution 5.0 sec-
onds after welding initiation.

Figure 4.5: Temperature distribution 1 sec-
ond after weld completion.

Figure 4.6: Temperature distribution 15 sec-
onds after weld completion.

Distortion

Figure 4.7 - 4.14 shows a sample of vector plots of displacement occurring in the
finite element model during the laser welding process, allocated in the X-direction.
The column to the left presents the displacement in Case A1 and the column to
the right Case A2, for comparison. The displacement legend is static to present a
comparison of the displacement vectors during different times of the laser welding
process.

Figure 4.7: Vector displacement for Case A1
0.2 seconds into the laser welding process.

Figure 4.8: Vector displacement for Case A2
0.2 seconds into the laser welding process.
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Figure 4.9: Vector displacement for Case A1
1.5 seconds into the laser welding process.

Figure 4.10: Vector displacement for Case A2
1.5 seconds into the laser welding process.

Figure 4.11: Vector displacement for Case A1
3.0 seconds into the laser welding process.

Figure 4.12: Vector displacement for Case A2
3.0 seconds into the laser welding process.

Figure 4.13: Vector displacement for Case A1
as the welding is completed.

Figure 4.14: Vector displacement for Case A2
as the welding is completed.

Comparing the vector plots of displacement in Case A1 to case A2, it can be
seen that the displacement are very similar in both cases. The opposite end of
the weld initiation of the bent plate is slightly displaced outwards the first 1-2
seconds of the welding process. As the laser beam approaches the bent area of
the plate it can be seen that the plate is retracting and keeps on doing so even
during the cooling stage, when the welding is completed. The simulation of the
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Figure 4.15: Vector displacement for Case A1 20 seconds after welding initiation

structure without initial stresses was stopped after the welding was completed and
the measurements will be done at this time.

The final distortion of the bent plate are found by measuring the distance be-
tween nodes at each end of the bent plate of the finite element model, prior and
post the laser welding process. The initial distance between the edges of the bent
plate was 61.0561 mm. Figure 4.16 and 4.17 presents the distance between the top
nodes at each edge as well as the bottom ones after welding is completed. In Case
A1, where there are initial stresses present in the finite element model, the laser
welding process creates distortion in the bent plate of the magnitude 0.641 mm. In
Case A2, with a stress free structure prior to welding the distortion reaches 0.745
mm.

Figure 4.16: Distance between nodes at the
edges of the bent plate after welding in Case
A1.

Figure 4.17: Distance between nodes at the
edges of the bent plate after welding in Case
A2.

Case B1 and B2

The computed temperature distribution of the three dimensional finite element
model can be seen in figure 4.18-4.23 with a laser power of 1,42 kW, a welding
speed of 20 mm/s, an incident angle of 600 and the laser beam tracing along the
outside of the bent plate. The temperature field and cooling rate are similar to
those in Case A1 and A2, the temperature in melt pool are about 3300 K and are
fluctuating slightly.
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Figure 4.18: Temperature distribution 0.2 sec-
onds after welding initiation.

Figure 4.19: Temperature distribution 1.5 sec-
onds after welding initiation.

Figure 4.20: Temperature distribution 3.0 sec-
onds after welding initiation.

Figure 4.21: Temperature distribution 5.0 sec-
onds after welding initiation.

Figure 4.22: Temperature distribution 15 sec-
ond after weld completion. Figure 4.23: Temperature distribution 15 sec-

onds after weld completion.

Distortion

The distortion allocated in the X-dircetion for Case B1 and Case B2 during the laser
welding are presented in figure 4.24 - figure 4.31.
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Figure 4.24: Vector displacement for Case B1
0.2 seconds into the laser welding process.

Figure 4.25: Vector displacement for Case B2
0.2 seconds into the laser welding process.

Figure 4.26: Vector displacement for Case B1
1.5 seconds into the laser welding process.

Figure 4.27: Vector displacement for Case B2
1.5 seconds into the laser welding process.

Figure 4.28: Vector displacement for Case B1
3.0 seconds into the laser welding process.

Figure 4.29: Vector displacement for Case B2
3.0 seconds into the laser welding process.
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Figure 4.30: Vector displacement for Case B1
as the welding is completed.

Figure 4.31: Vector displacement for Case B2
as the welding is completed.

Figure 4.32: Vector plot of displacement for Case B1 20 seconds after welding initiation.

The displacement pattern are similar to the the models welded from the inside
of the bent plate. At the first seconds of the laser welding process the displacements
are slightly larger in the structure with initial stresses. However, towards the end
of the welding process the displacement seems to get larger at the end of the bent
plate in Case B2, while in B1 the displacement is less.

The distance between the edges of the bent plate for Case B1 and B2, post
welding, are shown in figure 4.33 and 4.34, respectively. Having an initial distance
as the same as in Case A1 and A2, the distortion in Case B1 are calculated to 0.0005
mm. The bent plate in Case B2 are mores distorted with a magnitude of 0.172 mm.

Figure 4.33: Distance between nodes at the
edges of the bent plate after welding in Case
B1.

Figure 4.34: Distance between nodes at the
edges of the bent plate after welding in Case
B2.
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4.2 Conical heat source

4.2.1 Case A1 and A2

The computed temperature distribution of the three dimensional finite element
model can be seen in figure 4.35-4.40 with a laser power of 0.80 kW, a welding
speed of 30 mm/s, an incident angle of 600 and the laser beam tracing along the
inside of the bent plate.

Figure 4.35: Temperature distribution 0.2 sec-
onds after welding initiation.

Figure 4.36: Temperature distribution 1.0 sec-
onds after welding initiation.

Figure 4.37: Temperature distribution 2.0 sec-
onds after welding initiation.

Figure 4.38: Temperature distribution 3.3 sec-
onds after welding initiation.

Figure 4.39: Temperature distribution 3.0 sec-
onds after welding initiation.

Figure 4.40: Temperature distribution 5.0 sec-
onds after welding initiation.
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The temperature in this model is high, it reaches above 9000 degrees. The
welding speed is higher and the laser beam power is lower than for the other set of
laser welding parameters, which should indicate lower temperature gradients. As
this is not the case it could be a result of the heat source chosen. The heat input is
also unexpected as it seems to be higher on the bottom of the stiffener, as seen in
figure 4.41.

Figure 4.41: Caption

Distortion

Figure 4.42: Vector displacement for Case A1
0.2 seconds into the laser welding process.

Figure 4.43: Vector displacement for Case A2
0.2 seconds into the laser welding process.
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Figure 4.44: Vector displacement for Case A1
1.0 second into the laser welding process.

Figure 4.45: Vector displacement for Case A2
1.0 second into the laser welding process.

Figure 4.46: Vector displacement for Case A1
2.0 seconds into the laser welding process.

Figure 4.47: Vector displacement for Case A2
2.0 seconds into the laser welding process.

Figure 4.48: Vector displacement for Case A1
3.0 seconds into the laser welding process.

Figure 4.49: Vector displacement for Case A2
3.0 seconds into the laser welding process.

At initiation of the welding process there are almost no displacement in the bent
plate in either cases. This changes during the process and both cases are experi-
encing large distortion in the bent plate. In this model, as with the others, the bent
plate is moving inwards as the laser beam is approaching the bent area of the plate.

The distance between the edges of the bent plate for Case B1 and B2, post
welding, are shown in figure 4.50 and 4.51, respectively. Having an initial distance



4.3. Element distortion 33

as the same as in Case A1 and A2, the distortion in Case B1 are calculated to 1.721
mm. The bent plate in Case B2 are mores distorted with a magnitude of 1.769 mm.

Figure 4.50: Distance between nodes at the
edges of the bent plate after welding in Case
A1.

Figure 4.51: Distance between nodes at the
edges of the bent plate after welding in Case
A2.

4.3 Element distortion

From figure 4.52 it can be seen that the elements along the path of the laser beam
get distorted due to exposure of high temperature gradients. This is an indication
that the element size in the finite element model is not adequately small and should
be reduced.

Figure 4.52

4.4 Summary

A summary of the distortions of the different models are given in table 4.1

Model Case Distortion

Goldak Heat source

Case A1 0.641 mm
Case A2 0.745 mm
Case B1 0.0005 mm
Case B2 0.172 mm

Conic Heat Source
Case A1 1.721 mm
Case A2 1.769 mm

Table 4.1: Distortion in the different models.
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From this table it can be seen that the distortion seems to be larger in the
models without no initial stresses. The difference between Goldak heat source
Case A1 and A2, as well as Conic heat source model A1 and A2, is relatively small.
The difference in distortion between the Goldak heat source Case B1 and B2 is of
greater magnitude.

Between the models, the conical heat source have by far the largest displacement
in the bent plate. This is likely due to the very high temperature gradients in the
model during the laser welding process. Further it can seem that the distortions
are less if the plate are welded from the outside compared to the inside.

4.5 Gap Closing

The figure 4.53 shows a cross section of the model where the laser beam is first
approaching and then moving past the area. As can be seen, there is an initial gap
between the parts that is closed in the laser welding process.

Figure 4.53: Closing of the initial gap between the parts during the welding.
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4.6 Validation

The temperature fields of the finite element models will be compared to the anal-
ysis where the laser welding parameters were obtained.

The first set of weld parameters discussed are the for the Goldak heat source
from [3]. The temperature was reported to be higher for the simulation than the
experimantal results. It was discussed that this could be due to inexact placing of
the thermocouples measuring the temperature in the experiments or due to power
efficiency. Lowering the power efficiency for the simulation the results show agree-
ment with the experiments. The heat source parameters were also close to the weld
pool dimensions of the weld experiment. The temperature in the weld pool is not
presented for this study, but as the thickness of the material, material properties,
convection, radiation and laser weld parameters are identical to the model reported
in this study, it is assumed that the temperature field is similar. However, the power
efficiency was neglected which will result in higher temperature gradients.

The second set of laser welding parameters were from [40], where the result
was a temperature of about 2500 degrees Celsius at the top of the weld pool. Im-
plementing these welding parameters in the finite element model the temperature
gradients were much larger. One reason for the huge difference in temperature
in the models could be the choice employing different a different volumetric heat
source, as it decides how the heat is distributed in the work piece. Convection and
radiation boundary conditions could also be important in the explanation of the
different temperature fields.
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Conclusion

A three dimensional finite element model was presented for the simulation of laser
welding on a thin sheet stainless steel structure. The numerical model used tran-
sient and thermal conductivity for calculation of the temperature field. For this
purpose both a conical and double ellipsoidal heat source were employed in sepa-
rate analysis. The model was intended to be validated by comparison of previous
researchers work. The temperature field was compared and the laser welding pa-
rameters need some calibration.

The conclusion that can be drawn according to the result of the study:

• Initial stresses had very little effect on distortion in, if anything they seem to
make the structure less distorted.

• Welding from the outside of the bent plate gave less distortion than from the
innside.

5.1 Further work

As mentioned in section 3.6.2 the intention when starting this study was to also
have a model with a denser mesh. This would be of interest as the elements where
the heat input is highest in the finite element model gets distorted and the the
temperature field is not constant throughout the model. The latter could also be
due to the time step, but as the element size is rather large it is more likely that
this is at fault.

The model should be validated against another set of welding parameters or
calibrated against the ones already used. The first set of welding parameters were
hard to validate against as the temperature field was not reported. The second set
gave a huge difference in the temperature between the two model.
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Appendix — A

Keyword deck

The keyword deck used for the finite element model are presented here.

A.1 Control keywords

By enabling hourglass control zero energy modes are avoided, seen in figure A.1

Figure A.1: Control hourglass

Figure A.2

Figure A.3

Figure A.4
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Figure A.5

Figure A.6

A.2 Database

Figure A.7 shows the database keywords used in this model. They define the
number of plot outputs from the simulation.

Figure A.7: Databse.

A.3 Implicit

This section present the keywords used for setting up the implicit finite element
analysis. The first figure A.8 defines the parameters for automatic step size control.

Figure A.8: Implicit auto

Figure A.9 is the keyword activating implicit mode and defines the implicit
time step.
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Figure A.9: Implicit general.

The keyword defining the parameters for nonlinear equation solver and con-
vergence solver can be seen in figure A.10.

Figure A.10: Implicit solution.

Figure A.11 is the keyword used to output the calculations from the finite ele-
ment analysis.

Figure A.11: Implicit solver.

A.4 Boundary Conditions

Figure A.12 and A.13 are the thermal boundary conditions, applying convection
and radiation to the model.

Figure A.12: Heat transfer by convection.
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Figure A.13: Heat transfer by radiation.

Figure A.14 set the initial temperature of the model to the ambient temperature
of 293 K.

Figure A.14: Initial temperature of the model.

A.5 Parts and Material

Figure A.15 and A.16 shows the PART keyword for the bent plate and stiffener in
the model. It defines the part ID, sections, as well as the mechanical and thermal
material ID’s.

Figure A.15: The parts of the model

Figure A.16: Sections

Figure A.17 and A.18 is the keywords for the mechanical and thermal material
model.
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Figure A.17: Mechanical material properties for the model

Figure A.18: Thermal material properties for the model.

A.6 contact

Figure A.19 is the keyword defining the contact between the two parts of the model.

Figure A.19
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