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Abstract

Research shows that the fatigue strength of a Very High Strength Steel (VHSS) can be significantly
negatively effected by welds in a structure. The fatigue lifetime may be extended after cracking oc-
curs by means of fatigue crack repair. A better insight by means of Finite Element Modelling (FEM)
can help in understanding the effects of a repair procedure in a welded connection which can results
in the optimisation of the repairing process. The FEM model needs to be verified with experiment
but measurement of residual stresses in a specimen requires either expensive or highly specialised
equipment. Therefore, a more simple approach for model verification could aid in the accessibility
of modelling of welding. The aim of this thesis is to establish a finite element model for a repair
weld in a welded connection, and investigate to what extent the model can be verified by welding
distortion.

A weld repair experiment, consisting of an initial weld, segment removal and repair welding, is per-
formed to retrieve experiment data to be used as verification and input for the FEM model. First the
modelling of the initial weld is described, consisting of a thermal analysis and subsequent thermo-
mechanical analysis. Regarding the thermal analysis, a mesh sensitivity analysis is performed as
well as 2D model results are compared with 3D results. The thermal analysis is performed by Goldak
heat distribution and after calibration of the heat input, show a good agreement with temperature
data retrieved from experiment.

Regarding the thermo-mechanical analysis, an Abaqus subroutine was established to retrieve
information of the weld pool during the thermal analysis. This information is used in a subroutine
during the thermo-mechanical analysis to assign different material behaviour to different elements
of the weld, based on thermal history. In the thermo-mechanical model distortion results show a
good agreement with experiment distortion results. As a result of unexpected movement during
clamping of the experiment, calibration was required of the mechanical boundary conditions in the
model to find matching results.

Modelling of the weld segment removal was performed, and similar trends of distortion between
experiment and model results were found. However, further measurement of residual stresses is
required to further evaluate the correlation between residual stress and distortion. Results of the
thesis show that for a defect or faulty weld section, the measurement of the residual stresses is of
great importance. Modelling of the full weld repair procedure proved to be beyond the scope of this
thesis, since Finite Element work was more time consuming than initially anticipated.
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Introduction

1.1. Project Background

Current developments in steel structures results in aesthetically pleasing designs while making op-
timal use of building materials [1]. Very High Strength Steel (VHSS) is an attractive answer to these
modern Civil Engineer challenges as a result of its high strength-to-weight ratio, compared with
steels of conventional strength. In the structure higher stresses can be reached, resulting in a re-
duction of steel volume. This can result in significant savings on material consumption, weight
and transportation [2]. Furthermore, the production of VHSS has become more attractive as a con-
sequence of the ongoing development in steel manufacturing processes as well. Within the field
of Civil Engineering, actual application of VHSS is however limited since long term experience is
lacking and guidelines for VHSS usage in structural application are also not extensively included in
current design codes [3].

Research has shown that welding of a VHSS structural element has a significant negative effect on
its fatigue strength [4, 5]. The fatigue strength of a welded joint is highly dependent on both local
stress concentration and stress range. The negative effect on the fatigue strength can be explained
by welding itself as this introduces not only local changes of geometry (affecting local stress con-
centration) but also tensile residual stresses causing an unfavourable shift of the local stress range.
In addition, structural elements of VHSS are generally subjected to relative high stresses and stress
ranges, as a smaller cross-sectional area is required compared to elements of conventional steel.
The stress strange dominates the influence of geometry on fatigue of a connection [3].

Fatigue crack initiation in steel structures is unavoidable in a fatigue loaded structure [6], and in
some cases, fatigue life extension can be performed by repairing fatigue cracks. The analysis of the
residual stresses in a weld could aid in the understanding of this fatigue crack development. For
this purpose, Finite Element Modelling (FEM) can help to simulate the residual stresses as a result
of welding and a weld repair procedure. The effectiveness of fatigue weld repair methods on VHSS
welded connections has been studied! and a better understanding of residual stresses by means of
FEM could result in the optimisation of the welding repair procedure. This in turn can extend the
fatigue lifetime of the structure.

1Research by Abdulkadir Akyel, PhD. candidate at the Civil Engineering Faculty of the TU Delft.
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The residual stresses can be modelled by use of FEM, however the model needs verification by re-
sults from conducted experiments. The determination of residual stresses in an experimental set-up
commonly needs highly specialised equipment and can be fairly expensive. Finding a more simple
method of model verification could prevent the use of expensive equipment in the future.

1.2. Research Objective

The aim of this thesis is to establish a finite element model for a repair weld in a welded connection,
and investigate to what extent the model can be verified by welding distortion. The process of a
repair weld can be achieved by the following steps: the initial weld, removal of the defect and the
execution of a repair weld.

This thesis is intended to provide a clear description of using the Abaqus software to model a resid-
ual stress distribution caused by a repair weld. In order to achieve this, the following three steps are
taken:

First a single pass weld experiment is executed and is sequentially modelled in the Abaqus software.
Measurement data is acquired through the experiment, which in turn is used to verify the modelling
results. In relation to the model, the different aspects of the modelling process are explained to be
able to evaluate the consequences of different modelling aspects.

The second step is the execution of the repair process. For this, a part of the weld material is re-
moved and repair welded. Both activities are performed in an experiment and modelled through
FEM simulation in the Abaqus software. The resulting outcome are compared and discussed.

1.3. General Outline

In Chapter 2, the origin, influence and measurement of residual stresses are discussed. This will give
insight in why these stresses are important aspects in steel structures. Chapter 3 presents the prop-
erties and production processes of VHSS. Also, an overview of different general aspects of welding
is shown, describing how the process works and the effects it has on materials used.

The initial weld experiment of this thesis is described in Chapter 4. The used material and weld-
ing set-up is discussed, including the data obtained from the experiment.

Chapter 5 presents different important aspects regarding the welding simulation in the Abaqus soft-
ware environment. The influence parameters for a thermal and thermo-mechanical analysis are
also discussed. In addition, thethe implementation of these parameters in the Abaqus software is
discussed.

In Chapter 6 the simulation results are discussed and compared to the experimental results. Mesh
sensitivity analysis and selected parameters are discussed as well.

Chapters 7 and Chapter 8 contain the experimental results of the repair procedure. Chapter 9
presents conclusions of this study and recommendations for future research.



Background Information

This chapter discusses the general information on residual stresses in a material. The residual stress
definition, origins and significance are discussed. Finally different stress measurement methods are
discussed in order to give a good overview of the different approaches which are available to retrieve
experimental residual stress data from an experiment.

2.1. Residual Stresses

Residual stresses are stresses within a material which exists without the presence of any external
loads [7]. The residual stresses within the material are self-equilibrating, the total sum of the stresses
is equal to zero. Consequently, a combination of both compressive and tensile stressed zones are
present in the material. Residual stresses can be presented at different scales, which can be classi-
fied in three different types (see Figure 2.1).

Macro Meso Micro

Stress

———— Length Scale

Type | =Macrostress Type lI=Mesostress Type llI=Microstress

Figure 2.1: The different residual stress scales: Macro, Meso and Micro. [8]

A micro-stress distribution describes the stress present in one material grain, meso-stresses are rep-
resent the stress distribution between grains and macro-stresses specify the stress development be-
tween a multiple of grains [8, 9]. In a welded connection, stresses are generally regarded at macro-
scale.
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2.1.1. Origin of Residual Stresses

"Residual stresses are caused by the interaction of material elements within an object with the sur-
rounding material." [9]. The state of this material element causes a shift in position of the surround-
ing material. The surrounding material reacts by exerting a force against this shift, trying to return
to its original place. The different state of the material element, which generates the residual stress,
can be induced by a thermal, mechanical or metallurgical process. Of the following phenomena at
least one is present in every material or structure [8, 9]:

* Temperature gradients
Large temperature gradients within a material can cause large residual stresses, in extreme
cases even stresses exceeding the yield stress [8, 9]. High thermal gradients may cause resid-
ual stresses due to inhomogeneous thermal expansion, for example during a quenching pro-
cess. During quenching, the surface of the material is rapidly cooled down, inducing thermal
shrinkage. The relative large difference between shrinkage of the specimen surface and the
material inside, induces compressive residual stresses within the material.

Residual stresses can also be present when two components with a relative high temperature
difference are connected. When these components are cooled down back to room temper-
ature, a misfit due to thermal shrinkage can induce residual forces. A shrink-fit connection
makes use of the friction caused by these force to connect different component with each
other.

The effects of temperature gradients of the residual stress state is highly apparent during and
after a welding process. High temperatures are reached near the centre of the weld, but rel-
ative low temperatures are observable further from the weld. This causes locally for large
amounts of plastic deformation, causing high residual stresses.

* Inhomogeneous phase transformation of the material
Material microstructure can experience a phase transformation at specific temperature level.
Consequently, the change of crystalline structure can induce a change of specific volume.
However, the surrounding material restrains this volume change which induces residual stresses.
Such phenomena can occur after rapid cooling of steel from a relative high temperature. For
example during a quenching process.

e Mismatch of the thermo-mechanical properties
When composite materials are used, a mismatch of thermal-mechanical materials is possible.
For example, a volumetric mismatch caused by a thermal expansion coefficient can cause
residual stresses when temperatures are changed.

* In-homogeneous plastic deformation
Plastic deformation may occur as a result of externally applied load. During the service life of
a structure this can be caused due to an (accidental) over-load. In some cases the production
process induces plastic zones in a material, for example during the manufacturing cold rolled
sections.
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2.2. Significance of Residual Stress in Structures

The presence of residual stresses in a material can be important regarding the performance of struc-
tural members and connections. Several examples are presented in this section to give an insight of
the importance of residual stresses.

The effect of these residual stresses can be favourable for parts of the section which act in compres-
sion and are susceptible for local buckling. For example, when a cold-formed section is produces,
relative thin plates of steel are bend which induces plastic deformation of the section [10]. The ef-
fect of the plastically distorted sections on the whole cross-section can be significant. The plastic
zone cause local work hardening of the steel, which increases the average yield stress of the section
(See Figure 2.2).

33
2 1 6 5
r |
i 8 O . IV 5'_6..
| 330 |
™ 1
Average yield stress Corner yield stress fyalfyb
{fy,) R\ 1,5
1,25
el e, — o | e 1,05
/ 1.0
Virgin
yield 0
stress 1 2’ 3 4 5" 6'

(fyhj

Figure 2.2: Yield stress distribution after introduction of plastic zones, compare to virgin ma-
terial yield stress [10]

Residual stress of a welding process can cause a distortion of a section, which should be taken into
account during production. Welding is a well-known source of residual stresses. The introduction
of heat can cause residual stress development as a consequence of plastic zone formation, mate-
rial phase transformation and large thermal gradients. Dependent on the material properties and
specimen geometry this may induce (welding) distortions. Even large structure with small welds
are susceptible for welding distortions. Relative small distortions of each weld can add up to alarge
amount of welding distortion at the end of fabrication.

The fatigue life of structure may be significantly varied due to the presence of residual stresses.
Depending on the amount, direction and distribution of residual stresses the fatigue life can be in-
creased or decreased [11]. Compressive residual stresses increase the fatigue life by reducing the
tensile stress range. Tensile residual stress decrease the fatigue life by increasing the tensile stress
range.
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2.3. Residual Stress Measurement

Different residual stress measurement techniques are available. All measurement techniques are
based on measuring strain in the material. The strain subsequently is related to the stress, which can
be described for example in the elastic region by Hooke’s Law (o = €E). The following techniques
are used to measure the residual stresses on a macro scale (See Section 2.1).

2.3.1. Distortion Measurement Methods

Distortion based methods measure the distortion caused by the presence of residual stresses. Resid-
ual stresses can be derived by determination of the stresses needed for this distortion to occur. Dis-
tortion measurements can be performed by any distance measuring device, from a ruler (see Figure
2.3) to laser measurement. The choice of measurement method depends on the measuring accu-
racy required and the direction of the distortion: in two or three dimensions.

Weld bead

Specimens
ho

Block

Figure 2.3: This set up is used to ensure a constant reference point while measurements are
taken by a hand measurement tool (for example a calliper) [12]

A common and relative simple distance measurement method for a transient analysis is the
Linear Variable-Differential Transformer (LVDT), see Figure 2.4. The LVDT is a mechanical device
which converts displacement into an electrical signal. Because it is a mechanical device, frequency
response during transient measurements is limited [13]. The LVDT has to stay in direct contact
with the measured object and its measurable range of displacement is limited. Different sizes are
available for different measurement. Deformation has to be estimated before the measurement, to
make a correct decision on what size LVDT to use.

Laser displacement sensors (see Figure 2.5) are a more suitable solution for larger deforma-
tions, and for deformations which occur very rapidly, since accurate measurement can be made
with smaller intervals, compared to the LVDT. A laser displacement sensor measures the distance
to an object by recording the time it takes to reflect the laser beam back to the sensor. Laser mea-
surements can be made over a distance of over one kilometre, but it can be limited due to local
atmospheric conditions [17]. A distance varying from 4 to 2500 mm between specimen and laser
source is required for exact measurements [16].
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Figure 2.4: A LVDT and schematic representation of a LVDT measurement set-up. [14, 15]

Measurement Clearance
Range Distance
(MR) (CD)

Figure 2.5: A laser distance sensor. Clearance Distance (CD) is the minimum distance needed
for measurement. Measurement Range (MR) is the range at which the sensor can operate. [16]
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An measurement accuracy can be achieved between +0.0004 and +0.06 mm dependent on the dis-
tance between laser source and the measured specimen. Either point measurement or 2D line mea-
surements can be made [18]. If measurements are made during a welding process, adequate pro-
tection measurements have to be taken to protect the laser sensor from the light produced by the
welding; this may compromise the laser measurement accuracy.

2.3.2. Optical Measurement Methods

An optical measurement method measures displacements and can determine the strain by eval-
uating the relative displacement of two or more points on a surface. Stereoscopic Digital Image
Correlation (DIC) [13, 19] correlates the difference between photographic images to determine the
relative displacements, see Figure 2.7. Distortion measurements of a larger field can be analysed in
three dimensions by use of stereoscopic DIC. Both static and transient measurement can be per-
formed. Different measurement accuracies can be achieved, dependent on the system used. For
example, for DIC systems manufactured by Limess, measurement field size can vary from 1 mm? to
large than 100 m?. Displacement measurement precision is 100 points per pixel or 0.01 pixel. This
relates to a displacement precision of 1 um, using a measured distance of 100 mm with 1000 pixels
evenly distributed over the distance (0.01 * (100/1000) = 0.001 mm =1 um). The precision of strain
measurement is equal to 200 pe or 0.02 percent. For strain measurement at least two images are
needed of the same specimen with the same reference points. [20]

White light sources

specimen

White light sources

Figure 2.6: A schematic rep- Figure 2.7: Pattern recognition of three different DIC mea-
resentation of a 3D DIC Sys- surement intervals, used to correlate the different images.
tem [21] (22]

A sufficient number and size of reference points are needed to correlate the images correctly, see
Figure 2.7. Density and geometry of the reference points will determine the accuracy of the mea-
surements, though the optimal reference point pattern can vary based on the data required from the
DIC measurement [23]. A speckled paint pattern can be used to apply a field of reference points to
a specimen. Care should be taken if the specimens are subjected to high temperatures; the applied
paint could be affected by the heat. Special paints should be used for high temperature applica-
tions, such as ceramic paints [13]. When transient measurement are made during welding, special
care should be taken to avoid direct or reflected light of the welding process. This light could affect
the photo or video quality and consequently leads to inaccurate or useless measurements.
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2.3.3. Relaxation Measurement Methods

All relaxation measurement methods rely on the measurement of deformation or strain change after
a cutting or material removal process. These destructive methods base the residual stress measure-
ment on the deformation measured, which are typically of elastic nature, and use Hooke’s Law to
compute the stresses released. For some methods and geometries, analytical calculations are suf-
ficient for stress calculations, other methods need to be used in combination with finite element
analyses, to (for example) relate deformation with stresses. The precision of measurement pre-
sented in this section are accuracy estimates of measurements taken of stress at ~ 50% of the yield
stress. [24, 25]

Splitting Method

The splitting method is a more qualitative approach for residual stress measurement. A deep cut
is made in the material, after which deformation due to the residual stresses will occur, see Figure
2.8. The direction and magnitude of the deformation gives an estimate of residual stresses size. A
variant of the splitting method is Stoney’s Method. This method can describe the curling effect of
thin plate materials, due to the addition or removal of material.

The splitting method is a relative rough measuring method with a precision of 20 to 50% at ~ 50%
of the yield stress, and it is generally highly destructive due to the cut depth penetration of the full
specimen thickness. Advantages of the method are the quick use and relative cheap costs. However,
it provides a relative rough measurement, consequently the method is best used in routine quality
control applications.

ol

e (a) (b)

Figure 2.8: The Splitting Method applied to a rod (a) and a tube (b) specimen. [24]



10 2. Background Information

Section Method

For the sectioning method, strain gauges are used to measure the relaxation due to the removal of
parts of a section (see Figure 2.9). By cutting the cut surfaces, further information about the residual
stress development in the original section is obtained.

This method is a highly destructive measurement technique. It can provide quantitative stress
measurements at a precision of 10 to 30% at ~ 50% of the yield stress. Calculation of the stresses
may prove to be challenging, especially when many sections in different directions are made. Con-
sequently, this method is best applied on specimens of regular-shaped geometries, for example an
I-beam section.

PARTIAL
SECTIONING

COMPLETE SECTIONING

SLICING

Figure 2.9: The sectioning method at different levels, creating each time smaller specimens.
(26]
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Layer Removal Method

The layer removal method involves the removal of layers of material, parallel to the measured sur-
face. Strain gauges measure the relaxation due to the removal of each layer, starting with the layer
furthest away, see Figure 2.10. A variant of the layer removal method is the Sachs’ Method, which is
the layer removal method applied on a cylindrical specimen.

For full stress measurement of the specimen, the full thickness of the section has to be removed,
making this method fully destructive. This method can achieve a precision of between 10 to 30% at
~ 50% of the yield stress, but is time consuming and measurement drift may occur. It is best suited
for specimens of uniform thickness, flat plates or cylinders.

/‘7 Strain gages Strain gages
/ l Layers to be
= removed
. =
______________________ Layers to be
---------------------- 4 removed
(a) (b)

Figure 2.10: The Layer Removal Method for a flat (a) and cylindrical (b) section. [26]

Hole-Drilling Method
Hole-drilling involves the evaluation of in-plane stress relaxation through strain measurement around
adrilled hole, see Figure 2.11(A). A rosette strain gauges is used to measure the strain in multiple di-
rections. Rosette strain gauges are multiple gauges situated close to each other and in different
directions. The maximum hole drilling depth is approximately equal to the hole diameter size.
Measurement penetration depth is typically up to 2 mm. Consequently, this method is best used
for near surface uniform stresses. Measurements may have a precision of 10 to 20% at ~ 50% of the
yield stress, but local yield due to the hole drilling limits the specimen maximum stress level of 70%
of the yield [25].

Ring Core Method

The ring core method is comparable to the hole-drilling method, but involves drilling a ring and
measuring the relaxation of the material located in the ring, see Figure 2.11(B). The relaxation is
measured by rosette strain gauges. The ring core method allows for larger strain measurements,
relative to the hole-drilling method.

A common measurement penetration depth is 5 mm. Compared to the hole-drilling method,
the measurements are generally less sensitive for errors caused by milling or temperature differ-
ences [27]. Additionally, relative larger strain and stress values can be measured, stresses up to the
yield stress of the material. Application of the ring core method is more difficult and will cause more
damage to the specimen, compared to the hole-drilling method.

Deep-Hole Method

The deep-hole method combines aspects of the hole-drilling and ring core method. A deep hole is
drilled, after which a ring core around the hole (over-cored) is made. The geometric changes caused
by the second ring core are measured within the first hole (see Figure 2.11(C)). This method is used
when a large penetration depth is required.
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Stress measurements can be made with a precision of between 5 to 15% at ~ 50% of the yield
stress, at depths up to the specimen thickness, which makes it more suitable for large specimens.
Disadvantage of the method is the relative low speed and the need of a measurement specialist.

Strain gage Strain gage Ring core
rosette rosette H
Measurement
probe
I%
Hole ] ]
% ul :

(a) ()

Figure 2.11: A schematic representation of the Hole-drilling Method (a), the Ring Core Method
(b) and the Deep-Hole Method (c). [24]

Slitting Method
The slitting method involves cutting a long slit, rather than drilling a hole. Strain measurement
perpendicular to the slit direction are taken to measure the relaxation. With the slitting method
strain measurement can be made further from the slit, at the other side of the material, this way
strain profile over the depth can be obtained (see Figure 2.12).

This method may provide measurements of a precision between 5 to 20% at ~ 50% of the yield
stress. A uniform stress distribution over the width of the slit is. Generally, because of the slit size,
damage inflicted by the measurement method is relatively high.

Surface strain gage

Back strain gage

Figure 2.12: A schematic representation of the slitting method applied to a specimen. [24]
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Contour Method [28]

For the contour method a cut is made by Electrical Discharge Machining (EDM) in the material. The
two formed cutting surfaces will deform due to the presence of residual stresses. Stress measure-
ments are made by measuring the contour of the cutting surface and calculating the forces needed

to push the material back (see Figure 2.13). This can be done either by analytical or numerical cal-
culations.

e T ]

\\\\////.

o, fully relaxed (= 0) on surface \\\\“\.L// o, on surface = original 5,
A: Original Stress B: Part cut in two C: Forced back flat

(starting from stress free)

Figure 2.13: An initial stress before cutting is regarded (A). The specimen is cut, allowing for
elastic relaxation around the cutting surface (B). Push back of the relaxation deformation in-
duces stresses in the material (C). [24]

This method requires to cut the specimen through the whole thickness, which makes the method
fully destructive. A precision may be reached between 5 to 20% at ~ 50% of the yield stress, but it

needs an accurate cut of the cross-section too achieve accurate and undistorted deformation mea-
surements.

2.3.4. Diffraction Methods

Diffraction methods measure with electromagnetic radiation the distance between atomic planes

of a crystalline or polycrystalline material. The interplanar dimensions are related to the size and
direction of the stress in the material. [24, 25]

A

/v\/ Incident Diffracted
radiation radiation

TR < ]d
| °) |
/ \ Additional path length

Figure 2.14: A schematic representation of the diffraction of radiation at a Bragg-Angle 6, wave-
length A and the distance between lattice-planes d. Where 2d sinf = nA describes the relation
between these factors. [8, 24]

Both X-ray and neutron diffraction methods use the same concept to measure diffraction inten-
sities. Electromagnetic radiation is applied at a range of angles relative to the surface, measuring
the diffraction radiation (see Figure 2.14). The diffracted radiation will vary in intensity dependent
on this angle (see Figure 2.15). The Bragg is the certain angle at which the highest diffraction inten-
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sity is measured. Strains between lattice structures can be calculated based on the Bragg angle and
radiation wavelength.
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Figure 2.15: An example of results of X-Ray diffraction measurements of a 440C alloy steel.
Diffraction intensity is represented as a function of the Bragg angle. [29]

* X-ray Diffraction

X-ray diffraction uses X-rays to penetrate the material and measure the diffraction. X-ray pen-
etration is limited to an order of 0.025 mm, which makes X-ray diffraction to be known as a
surface stress measurement method. Due to its shallow depth measurements, stresses normal
to the surface are assumed to be zero. Therefore, the measured stress values are considered
as plane stresses, which allows for simplified calculations. The stress measurements have
the significant advantage of measuring stresses without the need of an initial stress state; the
measured values are relative to a zero-strain condition. Measurements can be done in sec-
onds and spatial resolution can be less than one square mm.

* Synchrotron X-ray Diffraction
Synchrotron X-ray diffraction uses more intense and higher energy X-ray radiation to pene-
trate the material. This allows for a penetration depth in orders of mm. Due to the larger
penetration depths, a plane stress approach cannot be used, consequently a three dimen-
sional stress state has to be studied. An un-stressed lattice is required as a reference, this may
cause measurement uncertainties. Measurements can be performed in milliseconds and spa-
tial resolution can be of cubic yum range.

* Neutron Diffraction
Neutron diffraction interacts with the nucleus of the atom, allowing for relative deep pene-
tration. Penetrations can be in the range of 0.1 — 1.5 m. Similar to the synchrotron diffrac-
tion, when using neutron diffraction stress in three dimensions need to be considered. Again
an un-stressed lattice is required as a reference. Measurements can be performed in several
minutes to over an hour and spatial resolution can be of cubic mm range.

The high advantages of the diffraction methods above almost all other stress measurement method
is its non-destructive application. Measurements can have a precision of between 20 to 50 N/mm?.
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Highly specialised equipment is needed to perform measurements, consequently costs are rela-
tively high. Maximum specimen size can be limited by the equipment used for the measurement.
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2.3.5. Other Measuring Methods
These methods use the change of property of a material due to the change in strain. Generally these
method are not used for quantitative measurement.

* Magnetic Method
The magnetic residual stress measurement method relies on the re-orientation of magnetic
domains during a magnetization reversal. Stress measurements are limited to a range of
+300 N/mm? and are dependent on calibration with a near identical specimen, which re-
strict the reliability of the method. Measurements can be done in several seconds and spatial
resolution can be of below mm range.

* Ultrasonic Method
The ultrasonic method measures how ultrasonic waves are affected by the material. Uncer-
tainty of measurements are caused by other effect, other than residual stresses, which affect
the waves like grain size and steel texture. Measurements can be done in seconds and spatial
resolution can be of a several cubic mm range.

* Thermo-elastic Method
Measurements are based on the rate of temperature of the material. The thermal reaction of
the material is affected by elastic strain, creating small changes in infrared emission of the
heated material. The change in thermal behaviour is very small, so thermo-elastic measure-
ments are used for qualitative, comparative purposes.

* Photo-elastic Method
Otherwise known as the birefringent method, this measurement method relies on the diffrac-
tion of polarized light through an transparent material. Different diffraction will cause light
to shift in colour, making strain fields viewable to the naked eye.

* Indentation Method
Residual stresses have a slight influence on material hardness and can be measured by hard-
ness indentation tests. Though research has been done to improve upon getting quantitative
results, accuracy is presently still relatively low. Measurements can be done in several minutes
and spatial resolution can be of below square mm range.



Material and Welding

3.1. Material

Steel micro-structure has to be altered in order to increase its yield strength. With several processes
the increase of strength properties can be achieved, although each process has its own specific ef-
fects on other material properties. It is important to realise what some actions on the material can
induce. For example, inducing high temperatures to the steel can change the micro-structures. As
a consequent, welding can have a significant effect on the material properties.

For this research the term high strength steels (HSS) and very high strength steels (VHSS) have to be
defined since an accredited terminology and strength range has of yet not been established. Steel of
a yield strength between 235 and 460 N/mm? is referred to as conventional or mild strength steel.
The term high strength steels will be used for steels exceeding a minimum yield strength of 460
N/mm?. The term for very high strength steels will be used for steel exceeding a minimum yield
strength of 690 N/mm?.

3.1.1. Micro-structure

The micro-structure of steel depends mainly on the carbon weight content, current material tem-
perature and temperature history [30]. The different micro-structures as a function of the material
temperature and carbon weight content is shown in the iron-carbon equilibrium phase diagram
(see Figure 3.2). This diagram shows the different stable phases of steel. The main stable solid
phases of steel are ferrite (alpha-iron), austenite (gamma-iron), cementite (Fe3C) and graphite.

W

L

(
A
B

A

Figure 3.1: A) Body-centered cubic (bcc) atomic arrangement. B) Face-centered (fcc) atomic
arrangement. [31]
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Ferrite consists of a tightly packed all-iron atom structure in a body-centered cubic (bcc) crystalline
arrangement (see Figure 3.1). This is a tight structure, therefore carbon solubility is very low, conse-
quently an all ferrite steel can only be manufactured when very low amounts of carbon are present.
When the ferrite is oversaturated by carbon, an iron-carbon compound can be formed called ce-
mentite. Cementite is a hard and brittle material, and it will decompose into graphite over time.
However, decomposition develops slowly and it can be considered as a 'near equilibrium’ phase,
which in practice is sufficiently stable [30]. A material with an only cementite micro-structure will
only be able to be produced at a carbon content of above 6.7 percent, a carbon content that will
never occur in steel manufacturing.
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Figure 3.2: Iron-carbon phase diagram [32]

The final stable micro-structure is Austenite. Austenite can only form, in the case of normal
steel, above the transformation temperature Acs (at +732 °C). The austenite micro-structure allows
for a higher solubility of carbon, due to larger interstices in the face-centered cube (fcc) structure
(see Figure 3.1). During the production of structural steel, an austenite structures is formed to al-
low for fast carbon diffusion, consequently forming a more homogeneous micro-structure. After
cooling this can improve material properties by the resulting homogeneous and fine grained micro-
structure. [30]
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Fabrication of a homogeneous steel only consisting of a micro-structure of ferrite, cementite
or austenite, does in practice not occur. In order to produces such single-phase materials, spe-
cific manufacturing conditions are required. Temperatures have to remain constant, or heating and
cooling has to happen very slowly during the manufacturing process. Practical fabrication of the
steels do not allow for these stable phase to be homogeneously present. Instead metastable phases
are formed because of the relative fast heating and cooling rates [30]. Metastable phases are peatrlite,
martensite and bainite. Pearlite is a specific combination of ferrite and cementite, as an effect of a
faster cooling rate of an austenite structure during the manufacturing process. Laminar strips of fer-
rite and cementite are present in the grains and increases strength but causes poor toughness.[33]

A martensitic structure can be created by relative fast cooling of an austenite structure. The
fast cooling prohibits the carbon to diffuse out of the formed ferrite structure. Those carbon atoms
remain in a ferrite structure, which causes a distortion, transforming it into martensite. Martensite
is avery hard structure and has a very high ultimate tensile strength, but behaves in a brittle manner.
[34]

Bainite is formed when cooling rates are not fast enough to form martensite, and not slow
enough to form pearlite. The structure is comparable to pearlite, a combination of ferrite and ce-
mentite is present, but shapes of the phases are different. The ferrite has an acicular (needle-like)
structure, while in pearlite this is a lamellar structure. Cementite is present in discrete form, rather
than the laminar form in pearlite. These difference in micro-structures morphology causes the bai-
nite steel to have a high strength, with good toughness.

To impose the formation of particular micro-structures, heat treatments as normalizing, thermo-
mechanically rolling and quench and tempering are applied, see Figure 3.3 for a visual representa-
tion:

* Normalizing steel consist of heating the steel to a temperature just above the austenitizing
temperature (Acs), followed by air cooling. The high temperature allows faster carbon diffu-
sion in the material, allowing a more homogeneous austenitic micro-structure. Once the steel
is cooled, the austenitic structure will have changed to a more fine ferrite and pearlite mi-
crostructure, improving overall material properties. [30] A normalizing process can increase
the yield strength of steel up to 460 N/mm?.

* Thermo-mechanically rolled steel consist of hot rolling the steel during the cooling process,
at temperature lower than the conventional steel rolling process (lower than 900 °C) but above
700 °C. The still high temperature allows a more homogeneous micro-structure, similar to the
effects during normalizing. The hot rolling causes the austenite grains to stretch and when
cooled, the grains change to a fine, predominantly ferrite structure. The thermo-mechanically
rolled steels have yield strength ranging from 355 to 700 N/ mm?.[35]

* Quenched and tempered steel consists of heating the steel above austenitizing temperature,
Acs, followed by rapid cooling. After this process the steel is tempered, which is heating the
steel just below Acs and cooling it down, to reduce hardness and increase toughness. To en-
sure proper hardening of the material during the rapid cooling, chromium, molybdenum or
nickel has been added to the steel alloy. Quenched and tempered steels have a yield strength
ranging from 690 to 1300 N/mm?. [30, 36]
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Figure 3.3: The different manufacturing process for conventional and higher strength steels.
AR is a conventional or 'as rolled’ process. N is a Normalizing Process, Q+ T a Quenching and
Tempering process and T'M a Thermal-Mechanical rolling process. [37]

3.1.2. Conventional Steel

To create steel products of conventional strength generally semi-finished steel products like blooms,
billets or slabs are heated to above their recrystallisation temperature, followed by a rolling process
[30]. The elevated temperature allows the steel to recrystallise after working the metal, minimis-
ing negative effects like strain-hardening and non-constant plastic flow. To achieve a higher yield
strength than 460 N/mm?, different material and manufacturing processes have to be applied.

3.1.3. Higher Strength Steel
To increase yield strength while keeping a sufficiently ductile behaviour, primarily two choices have
to be made: choice of manufacturing treatment and chemical composition of the steel [35]. The
most important treatments are normalizing, thermo-mechanical rolling, and quenching and tem-
pering. At the same time chemical composition of the steel is thoroughly controlled, this way the
effects of treatment on the steel can be adjusted. The different manufacturing processes will change
the micro-structure of the steel; decreasing grain size and consequently altering its properties. In
general, a decrease in grain size means an increase in strength and good toughness. This correlation
between grain size and yield strength is described by the Hall-Petch relationship (equation 3.1):
k
Oy=00+—= 3.1)

vd

where 0, is equal to the yield stress, o a material constant for the stress at which dislocation move-
ment starts, k a material dependent Hall-Petch coefficient and d the average grain diameter [38].
It should be noted that due to lack of a clear transition from elastic to plastic behaviour in higher
strength materials the yield strength has been specified as the offset yield strength, also known as
the 0.2 percent proof strength. This is the stress of which after relaxation a plastic strain deformation
remains of 0.2 (see Figure 3.4).
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3.2. Welding

Welding is a localised joining technique which makes use of material fusion to bond two materi-
als together [40]. It is performed by applying heat, with or without pressure and with or without a
filler material. The most common welding processes make use of the liquid state of the material.
The liquid materials mix and fuse together, consequently forming a strong bond after cooling. Dif-
ferent welding processes such as arc welding, gas welding, resistance welding, laser welding and
solid-state welding are available. Arc welding is the most common welding practice used in steel
structures, and is therefore further discussed in this section.

The arc welding process makes use of a high energy electric arc to melt the different materials. The
welded workpiece is connected to the welding equipment, so that a closed circuit can be formed
between the welding electrode and the welded material. The circuit is closed by forming the arc
between the welding gun electrode and the welded material. An welding arc is formed between an
electrode and the welded workpiece when a sufficient amount of energy is available [8, 41]. The
high energy causes the ionisation of the gasses between the electrode and workpieces, which cre-
ates free electrons. The free electrons provide conduction of the energy, making the formation of
the arc possible. [40]

3.2.1. Gas Metal Arc Welding

Avery common arc welding method is Gas Metal Arc Welding (GMAW), which is subdivided in Metal
Inert Gas (MIG) or Metal Active Gas (MAG) welding. It is a common method because of a relative fast
application and is able to perform large continuous welds, by manual or mechanical application
[40]. The welding arc is formed between the base metal and the automatically fed welding wire,
which acts as the electrode. The consumable is automatically fed through the welding torch as
depicted in Figure 3.5.
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Figure 3.5: Cut-out of a GMAW nozzle during welding and feed-through of the electrode. [40]
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Two main types of welding wires are available for the GMAW welding. The wire can either be a solid
metal or may contain powder core such as a flux-cored or metal-cored wire. In case of necessity,
a shielding gas can be used during the welding process. Commonly a mix of an inert gas (for ex-
ample Argon) and a limited amount of active gas (oxygen, CO») is used as shielding gas. The gas
stabilises the arc, limits weld spatter, and reduces external contamination of the weld [41]. The ex-
act composition of the shielding gas depends on the filler wire and welded material. The advantage
of using the powder cored wires is that the composition of power can relatively easily be altered
during manufacturing. It can provide, for example, material to form a protective slag on the weld
during welding.

Two main types of weld material transfer modes can be distinguished when applying GMAW; short-
circuit welding and open-arc welding [8, 40]. During short-circuit welding the electrode short-
circuits while material transfer occurs, which causes the arc to extinguish (see Figure 3.6). Conse-
quently, short-circuit welding introduces a relative small heat input, which makes it suitable for thin
sections and root welds of multi-pass welding. The disadvantage of the low heat input is the higher
risk of lack of fusion. Furthermore, during this process relative more spatter can occur. Open-arc
welding uses a higher heat input and consequently forms a larger weld pool area. Welding metal is
transferred by metal droplets, known as globules. When current increases, the globules will decrease
in size. If current is further increased, globule size will decrease further, eventually forming a vapor-
ized spray of metal. Usage of open-arc welding is limited to thicker workpieces (above 8 mm) and
the position of the weld. For example, welding upside down with a large weldpool is not possible
without precautions, since the weld metal may flow out of the welding area.

Welding Torch

Filler wire

()
~

Weldpool

Globular Spray Short circuit

Figure 3.6: Three types weld metal transfer. [42]
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3.2.2. Constrainment during Welding

In some cases, the welded workpieces need to be clamped before welding. The purpose of con-
strainment is to prevent movement of the pieces during the welding process. The clamping pro-
vides the advantage to keep the distance between workpieces constant and avoid large deformation
at the welding location. Consequently it provides good conditions for continuous welding.

If a workpiece is not sufficiently clamped, two main types of welding distortion can occur: out-of-
plane distortion and in-plane distortion. Out-of-plane distortion can be caused by three distortion
mechanisms (see Figure 3.7: C, D and F). The first can be caused due to transverse shrinkage of the
weld which cause an angular distortion. The second causes bending of the plate due to the build-up
of longitudinal stresses. The third and last out-of-plane distortion may be caused by plate buckling
due to the longitudinal stresses.

In-plane distortion can be caused by longitudinal, transverse and rotational distortion of the plate
(see Figure 3.7: A, B and E). Longitudinal in-plane distortion is caused due to the shrinkage of the
weld in longitudinal direction. Transverse stresses cause a similar behaviour but in transverse di-
rection. Rotational distortion can be caused due the partial build-up of stresses during welding.
Consequently, the specimen may rotate in-plane.

Removing constrainment after welding may have a significant effect on the deformation. Not only
due to the relaxation of stresses but also due to a possible buckling behaviour of the clamping
(19, 43]. The deformation after unclamping should be taken into account when a clamping sys-
tem is designed.

The constrainment hinders deformation of the workpiece, which causes high plastic strains in the
molten material. This will result in higher residual stresses. Vice versa, lowering the constrainment
will result in lower residual stresses but higher distortions during welding [43].

S,

Figure 3.7: Different forms of out-of-plane and in-plane welding distortion. A) Longitudinal
in-plane distortion. B) Transverse in-plane distortion. C) Bending out-of-plane distortion. D)
Transverse angular out-of-plane distortion. E) Rotational in-plane distortion. F) Buckling dis-
tortion. [44]
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3.2.3. Residual Stress formation in a Welded Connection

As stated in Section 3.2.2, constrainment of a workpiece during welding will increase the residual
stresses in the specimen. The effect of constrainment and the overall effect of residual stresses in a
welded plate can be demonstrated by the use of a three-bar system [8, 43].

The three-bar system demonstrates the elastic residual stresses formed by partial heating of the
system. The system describes the stress distribution in longitudinal direction of the weld. Three
bars are of equal size and are connect by two rigid transfer bars, see Figure 3.8:
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Figure 3.8: The Three-bar analogy system, in which the system resembles an temperature cycle
of a Butt-welded plate [43, 45]

During the heating stage only the middle bar is exposed to a heat source, which causes thermal
expansion according to

Al
T =aAT (3.2)

where Al is the length increase and ! the length of the element. «a is the thermal expansion
coefficient of the material and AT the temperature increment. Because of the rigid interconnec-
tion of the bars, lengths of the bar should be kept equal. Consequently, strains should be kept in
equilibrium, which leads to a stress equilibrium as equation 3.3:

01 =207 (3.3)

where 0 is the stress in bar one and o> the stress in the bars two. The strain caused by the
thermal expansion of the middle bar are imposed on the outer bars. The strain equilibrium of the

system can be expressed as:

01 ()
+aAT + =
E(T) E(To)

0 (3.4)

where E(T) is the modulus of elasticity at temperature T and E(Tp) the modulus of elasticity at
room temperature. By rewriting equation 3.4 the stress of the heated bar can be described:
2E(To)

o1 =—-aAT (3.5)
1+ @E(To)/E(T))

The three bar model and the stress equation only describe stress development in the elastic
region. However, as temperature increases, the yield point decreases which will cause large amounts
of plastic zones. The plastic zone will lead to an additional effect on the residual stress state of the
material.
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3.2.4. Heat Affected Zone

The base material close to the weld will be affected by the local concentrated heat input. This re-
gion is called the Heat Affected Zone (HAZ). The HAZ experiences a large variance of temperature
in a relative short time, which cause local micro-structural changes. Therefore, the HAZ has differ-
ent material properties (see Section 3.1.1). This issue effects the performance of the welded con-
nection, accordingly care should be taken for material uncertainties at the HAZ. The difference in
micro-structure can also provide information of temperature history, as specific micro-structures
can be assigned to the temperatures reached of the material.

The HAZ is the zone between weld and base material. From the weld to the base material differ-
ent zones can be identified (see Figure 3.9). The weld material and the fusion zone are the only
areas where steel in liquid state had been present. The composition of the weld metal region is
highly dependent on the used welding consumables. The fusion zone is where liquid weld metal
and liquid base metal mix and form a bond, which remains bonded after cooling. Further from the
weld, after the fusion zone the HAZ starts. The HAZ can be subdivided in the following zones [8, 46];

¢ Coarse Grained Heat Affected Zone (CGHAZ): The zone closest to the heat sources and thus
experiences the highest temperature peak. The high peak temperature has been just below
the melting point, this allows for relative large grain growth.

* Fine Grained Heat Affected Zone (FGHAZ): This zone has reached temperatures just above
the austenitizing temperature (Acs). Limited amount of grain growth is present.

* InterCritical Heat Affected Zone (ICHAZ): Peak temperature value reach between the austeni-
tizing (Ac3) and eutectoid (Ac;) temperatures. Micro-structure is very similar to base material.

¢ SubCritical Heat Affected Zone (SCHAZ): This is where the material has reached a temperature
below the eutectoid (Ac;) temperature. Effects of this zone are very similar to effects of the
ICHAZ, difference between SCHAZ and ICHAZ are hard to identify. Properties are the same as
the ICHAZ.

Any material further from the weld and past the fusion zone will not have reached the liquid phase
and will only have experience changes of micro-structure in the solid phase.
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Figure 3.9: Schematic visualisation of the different zones from weld to HAZ and base material.
Adopted from Gao [8].
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4.1. Material

Steel of grade S700MC is used the experiments in this thesis. A steel of grade S700MC must have a
yield strength of at least 700 N/mm? and a maximum tensile strength between 750 and 950 N/ mm?
[47]. This thermo-mechanically rolled high strength steel is produced in different forms of plates
and profiles. It can be found in the automotive industry, large mobile machinery (excavators, mo-
bile cranes, trains, etc.), civil engineering (bridges) and can be used for application in extreme cold
weather conditions [48, 49]. The steel is well suited for low temperatures since it can retain tough-
ness behaviour at low temperatures. Micro-alloying is typically applied with Titanium (Ti), Niobium
(Nb) and Vanadium (V) to ensure good toughness behaviour, proper grain refinement and good
hardening properties [50]. In addition, the micro-alloying and the low carbon content of the steel
decreases the softening behaviour due to a thermal cycle of a welding process.

However, thermal cycles during welding still cause softening of the Heat Affected Zone (HAZ) which
reduces the strength of the material. Therefore, energy input during welding should be limited, re-
ducing the peak temperatures. Pre-heating or post-weld heat treatment is not recommended for
this steel grade, to avoid reduction of mechanical and plastic properties of the HAZ. [51, 52]

4.2. Material Properties

The chemical composition of the steel (see Table 4.1) is taken from the material certificate [8]. Cor-
responding material properties (see Figure 4.1) are determined by Gao [8] by use of the JMatPro soft-
ware. JMatPro can provide thermally dependant material properties based on the chemical com-
position of the material, which are calculated by use of extensive material property databases and
relations between properties [53]. The same material is used and the work of Gao has shown that
selected material values give satisfying results when simulated. Therefore, these material properties
are assumed to describe the correct material behaviour in the models of this thesis. No plastic strain
information was available for the material, therefore the plastic behaviour is assumed to experience
no strain hardening.

27
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Table 4.1: The chemical composition of S700MC according to manufacturing specification [8]

C Si Mn P S Al B Cr
wt %-Average 0.049 0.109 1.934 0.009 0.001 0.041 0.0001 0.017
Cu Mo N Nb Ni Ti \Y% Sn

wt %-Average 0.011 0.004 0.0049 0.068 0.019 0.121 0.007 0.001

—— 1 Conductivity (x10 W m™ K
12 4 —— 2 Density (x10° kg m?)
11 —— 3 Specific heat (kJ kg™ K™)
E 4 Thermal expansion (x10°K")
1 5 Elastic modulus (x10° GPa)
9 ——— 6 Poisson's ratio (x10™)
] —— 7 Vield stress (x10° MPa)

Material property

y T r T g T T 1
0 500 1000 1500 2000

Temperature, °C

Figure 4.1: Thermal and mechanical properties as a function of temperature, J]MatPro results
as acquired by Gao [8]

4.3. Welding Specification

Two steel plates of 250 x 100 x 4 mm? in size, were welded together by a GMAW process. The weld
is executed along the long side of the plate. The joint was made in a V-shaped butt weld connection
(see Figure 4.2). At the root of the weld, ceramic backing was placed for insulation, provide support
for the molten weld metal and prevent adhesion of the weld metal to other surfaces [54].

Bohler UNION NiMoCr is used as the filler wire. This solid core welding wire has a diameter of
1.2 mm and is classified as a ER100S-G wire [55]. The GMAW welding process was powered by a
Fronius TransPuls Synergic 3200 CMT R welding power source. The Short-Circuit metal transfer
method was used to perform the welding. The shielding gas was a combination of 85% Ar and
15% CO», at a shielding gas flow rate of 15 L/ min.

The welding torch was set at an angle of 10° of the normal to the weld specimen, or 100° relative
to the welding direction. Contact tube to weld distance (CTWD) was taken to be 15 mm, and the
shielding cup edge to weld distance was equal to 7.5 mm, on average (see Figure 4.3). The welding
wire feed speed is set equal to 5.7 m/min, and the welding speed is set to 5.0 mm/sec. An overview
of these welding parameters is given in Table 4.2. The power source was set to a fixed wire feed
speed. Voltage and current were determined automatically by the power source during the welding
process.
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Figure 4.2: The V-shape geometry of the butt joint.
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Figure 4.3: Schematisation of the welding torch setup.

Table 4.2: Overview of the welding specification of the first welding test

a3

Steel Grade S700MC

Workpiece Dimension 250x 100 x 4 mm3
Welding Process GMAW

Weld Transfer Mode Short-Circuit

Weld Type Butt Weld

Weld Shape V-shape

Contact Tube to Workpiece Distance 15 mm
Weld Gun Angle 10 °
Shielding Cup to Workpiece Distance 7.5 mm
Wire Bohler UNION NiMoCr

Wire Classification ER100S-G

Wire Diameter 1.2 mm
Wire Feed Speed 5.7 m/min
Shielding Gas 85% Ar - 15% CO2

Shielding Gas Flow Rate 15 L/min
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4.3.1. Constrainment

The used constrainment on the weld experiment allowed for partial free movement of the plate (see
Figures 4.4 and 4.5). Consequently, welding distortion is able to form in a magnitude of millimetres.
In such manner, distortions measurement can be performed with relative basic equipment, such
as a calliper. The bolts which clamp the specimen together have been fastened firmly, but "hand-
tight’ in a cross pattern sequence. The clamping set-up was designed such that un-clamping during
different stages of the experimental work was prevented. This consists of the welding of the plate,
the removal of material and the repair weld. Unclamping of the specimen can induce significant
deformation changes (see Section 3.2.2). By use of this clamping setup, the modelling of the effects
of clamping and un-clamping can be avoided in the FEM simulation. To maintain the distance
between the plates of 0.5 mm, two tack welds have been placed on each end of the to be welded
edge. Both tack welds had a size of 7 mm in the longitudinal direction of the weld. On the clamping
bracket, room has been made to accommodate the ceramic backing (see Figure 4.4).

——

Figure 4.4: Picture of the realised clamping system.

4.3.2. Measurement Setup

During the welding thermal, power and deformation measurement were performed. Six thermo-
couples were placed to measure the temperature distribution on the plate. K-type thermocouples
were used, which can withstand a temperature of 1300 °C maximum with an accuracy of +1 °C [8].
They were placed perpendicular to the welding direction at the bottom side of the free plate (see
Figure 4.5). Deformation during welding is measured by a LVDT, which was placed 7.4 mm from
the outer edge (see Figure 4.5). The LVDT measures displacement at 0.39375 V/mm. Voltage during
welding is measured between welding table and the contact tube. Current is measured with use of
a current clamp [56]. The current clamp measures the magnetic field caused by the current pass-
ing through the welding contact cable. The clamp returns a voltage which can be measured, with a
measurement value of 1 mV'/A.

Two Yokogawa oscilloscopes record the measurement data. A Yokogawa DL716 records the LVDT
and thermocouple values at a recording rate of 2 Hz. LVDT will be recorded in volts, the thermo-
couples are measured directly in degrees Celsius, through temperature modules in the oscilloscope.
A Yokogawa DL750 records the voltage and current at a rate of 200 Hz. Both measurements were
recorded in volts.
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Figure 4.5: Sketch of the clamping system. The red dots indicate the thermal couples locations,
the blue the LVDT location.
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4.4. Experiment Results

During the experiment, a faulty wire feeding mechanism caused problems to initiate an appropri-
ate arc for welding. The welding procedure was prematurely stopped to investigate this issue. As a
result, liquid metal was deposited at the first 44 mm of the weld. LVDT measurement showed no
distortion of the plates, but temperature measurement showed a slight increase on the plate. The
weld was continues after the problem had been fixed.

Since no welding distortion was measured and no appropriate arc was formed, it is assumed to
have no effect on the stress state on the plate. The assumption is made that the effect of the de-
posited weld metal of the faulty section forms a (new) constrainment of the plate. This constraining
effect and the temperature increase of the plate are later taken into account during simulation.

4.4.1. Welding Power Measurement Results

As stated in Section 4.3, welding power input has been automatically determined by the power
source. After the welding process, the machine feeds back the voltage and current used during the
welding process. In this experiment a voltage of 22.1 volts and a current of 170 ampere was put on
display by the power source.

Experimental measurement of voltage and current show large fluctuations during measurement,
which is typical for a Short Circuit Transfer Welding (see Section 3.2.1). Measurement have been
taken at a rate of 200 Hz on a total duration of 50 seconds. However, due to an unknown error, data
measurements were exported at 40 Hz.

The difference of the power input displayed by the power source and the measured power parame-
ters are investigated. Large fluctuations of the experimental measurement make it difficult to deter-
mine an average of voltage or current from the measurements (See Figures 4.6 and 4.7). Therefore,
the total energy input is compared instead of average power. A comparison has been made at suc-
cessive time intervals of 5 seconds, see Table 4.3. An overall energy input of approximately +10%
was found for the experimental measurement data, compared to the power source data.

Table 4.3: Overview of welding energy input of 6 successive, 5 second intervals.

Interval [sec] Total Energy - Measurement [Joule] Total Energy - Power Source [Joule] Difference [%]

25-75 20299 18785 ~+8

7.5-12.5 21413 18785 ~+14
12.5-17.5 20390 18785 ~+8.5
17.5-225 21208 18785 ~+13
22.5-275 21058 18785 ~+12
27.5-325 20181 18785 ~+7.5

Average ~+10.5
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Figure 4.6: Current measurements during the welding process. The results shown are mea-
surement points of 40 Hz instead of the real-time measurement rate of 200 Hz.

40 T
35 Voltage

30 - a
25 ¢ =
20
15 H
10 H

Voltage [V]

0= | | | | | | ]
0 5} 10 15 20 25 30 3h

Time [sec]

Figure 4.7: Voltage measurements during the welding process. The results shown are measure-
ment points of 40 Hz instead of the real-time measurement rate of 200 Hz.
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4.4.2. Transient Heat Measurement Results
The thermal couple measurements are given in Figure 4.8 and Figure 4.9, for the first 400 seconds
and between 940 and 1450 seconds after welding, respectively. During cooling, around 500 °C a

clear temporary decrease of cooling can be observed. This has most likely occurred due to latent
heat which is formed during some kind of phase transformation.
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Figure 4.8: The thermal results of the first welding test, between the period of 0 and 400 seconds
after start of welding
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Figure 4.9: The thermal results of the first welding test, between the period of 940 and 1450
seconds after start of welding
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4.4.3. Deformation Measurement Results
For reliable information of deformation measurement, three measurement techniques were used;
LVDT measurement, contact measurement and image correlation measurement.

Transient Deformation Measurement

Two recordings have been made of distortion LVDT measurement, as similar to the thermal mea-
surement. The first recording at the beginning of the welding procedure, of about 450 seconds (see
Figure 4.10). A second recording was made, approximately 1000 seconds after the start of the weld-
ing process. No additional distortion was found at this time after welding. Final result show a defor-
mation of approximately 3.74 mm.

The transient LVDT measurement results show continuous noise during measurement, and some
sudden peak values can be observed. This may be caused by the LVDT power supply; the wiring of
the power supply has been customised in the past to suit two LVDT measurement devices, instead
of one.

Distortion [mm]

—LVDT

—0.5 | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500

Time [sec]

Figure 4.10: The LVDT deformation results of the first welding test, between the period of 0 and
500 seconds after start of welding.

Contact Measurement

Before and after the welding process contact deformation measurements were performed by use
of a calliper. The top of the clamping plate has been used as a reference surface for deformation
measurement. The clamping plate was assumed to experience no significant distortion after the
welding process. This assumption was verified with image correlation measurement. A leveler was
placed on the clamping plate to provide a convenient reference point for the measurements (see
Figure 4.11). A three by seven size grid has been set up, where measurement are taken, ensuring
full coverage of the plate deformation, see Figure 4.12 for the measuring points. The measurement
results are given in Table 4.4.

LVDT measurement is compared with the calliper contact measurement results. The deformation
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data is interpolated to approximate the deformation at the location of the LVDT. A deformation of
3.99 mm was found, where it was measured as 3.74 mm by LVDT. Taking into account the relative
rough measurements of the contact measuring and the precision of the LVDT measurement point;
measurements are sufficiently close to say that measurements have been performed accurately.

Figure 4.11: Contact measurement setup, side view. The clamping top plate is used as a refer-
ence for a leveler. Distance between the leveler and plate is measured with a calliper.
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Figure 4.12: All the measurement points for the contact measurement. Horizontal counts 7
points, from 0 to 240 mm in steps of 40 mm. Vertically three measurement points have been
measured, starting from 8 mm to 102.65 mm from the weld centre.

Table 4.4: Deformation by contact measurement

[mm] | 8 50 102.65
240 +1.40 +0.78 +2.49
200 -0.62  +0.95 +3.07
160 -0.26  +0.37 +3.57
120 -0.24 +0.53 +3.75
80 +0.16 +1.95 +3.88
40 +0.08 +2.12 +3.76
0 +0.15 +1.43 +3.24
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Digital Image Correlation Measurement Results

Measurement by Digital Image Correlation (DIC) have been performed to get an accurate field im-
age welding distortion. A Limess 400 DIC system [20] was used for the image correlation measure-
ment. It is mounted on a tripod and pointed towards the floor and it is calibrated before taking
measurement. This resulted in a measurement with the maximum standard deviation of 0.908 um
on a measurement point measuring 2.8 mm in deviation. Hence, high accuracy distortion measure-

ment was achieved.

The correlation system needs sufficiently clear reference points to relate the different measurements
with each other. A reference surface is created by applying a high contrast painted pattern. First a
full covering white base layer is applied, after which a paint speckle pattern is created with an air-
brush and diluted black paint. This paint pattern provides correlation reference points which are of
high contrast, and thus relatively easy to trace for the system. The paint is not suitable for higher
temperatures, thus damage of the paint was expected during the welding process. Measurement of
distortion was focussed on the area further from the weld, where the paint was not affected. The
speckle pattern applied to the specimen is an evenly distributed pattern, with paint speckles vary-
ing from approximately 0.3 to 1.7 mm in size. See Figure 4.13 for a zoom of the speckle pattern.

Two images were made; before and after welding. The reference points on the plates were corre-
lated to find the distortion due to the welding process. After welding, also the paint further from
the weld was partially damaged (see Figure 4.14). This was due to the weld spatter during welding.
As can be seen in the figure, the image correlation software ignores these areas and correlated the
surrounding paint pattern.
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Figure 4.13: A zoom of the speckle pattern applied on the specimen. Speckle size varies from
0.3to 1.7 mm.
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Figure 4.14: The DIC reference measurement point are depicted as blue crosses on the plate.
Close to the weld the paint is burned due to the increase in temperature. Further from the
weld, traces of weld metal shot off during the welding process can be found, leaving a burned
or discoloured trail of paint.



Simulation

In Section 3.2 several important aspects of a welding process were discussed. It is possible to model
all these aspects of a welding process by the use of an finite element analysis [57]. For example,
accurate modelling can be used to simulate the weld pool, including fluid dynamics of the liquid
metal and the simulation of different forces acting on the material [58, 59]. Another example for
detailed simulation is to model the micro-structural evolution of the material [60-62]. From this
micro-structural analysis and the temperature data, the residual stress fields due to the welding
process may be derived.

In reality the detailed simulation of all the aspects of a welding process is very difficult to execute.
The difficulty is a result of high complexity of the problem, the required computation time, large
amount of input data which has to be known, and the ability to perform required measurements
for this input data. [57]. In order to simplify the simulation problem, focus in this thesis will be
on temperature-dependent properties of the material. Therefore, a thermo-mechanical analysis is
performed to model the welding distortion.

A thermo-mechanical analysis is the mechanical analysis of a specimen which is subjected to a
certain temperature distribution. The temperature changes material properties, which in turn have
a mechanical effect on the model. In the model of this thesis the welding simulation is performed
in a decoupled thermal and thermo-mechanical analysis. In the thermal analysis, the temperature
distribution is simulated by subjecting the model to a direct heat source. This heat source represent
the thermal effects of the weld pool. In the thermo-mechanical analysis, temperature-dependent
material properties are used to simulated the material response of a thermal load.

The finite element simulation software Abaqus [63] is used to model the thermal and thermo-mechanical
analysis of the welding distortion. Within the Abaqus software, several Fortran based user specified
subroutines are utilised to implement the behaviour of the material. The different modelling pro-
cedures in the Abaqus software are presented in Figure 5.1.
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Figure 5.1: Visual representation of the different procedures performed in the Abaqus software

environment. Adopted from [57].
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Sections 5.1 and 5.2 of this chapter will discuss the different physical welding phenomena which
are implemented in the model to ensure a correct simulation of the welding process. After which
the implementation in the Abaqus software of these phenomena are explained in Section 5.3.

5.1. Thermal Behaviour Modelling

5.1.1. Energy Transfer Mechanism

During a weld heat cycle, the base material will heat up, experience a peak temperature value, and
cool down. Thermal conduction through the material causes heat to be internally distributed over
the workpiece. The heat is lost through convection, conduction and radiation, cooling the material
down to room temperature.

Under conventional, non-hyperbaric, welding conditions, convection can be defined identical to
conduction. The first thin layer of air close to the material exchanges heat by ways of conduc-
tion [64]. Consequently, surface heat losses due to conduction and convection can be described
as: [8, 65]

qi,c = h(T —To) (5.1)

where ¢ . is the surface heat loss flux in W/ m?. his the heat transfer coefficient in W/m?K, which
can be a combination of the thermal conduction coefficient and convective heat transfer coeffi-
cient. This dependence on whether convection and/or conduction is applicable. T is the surface
temperature and Ty the room temperature. Heat losses due to thermal radiation can be described
as

qir =€op(T* = Ty) (5.2)

where ¢ , is the surface radiation heat loss fluxin W/m?, ¢ is the radiation emissivity, o  the Stefan-
Boltzmann constant. And finally, for heat conduction within the material, Fourier’s isotropic heat
conduction is used

gc=—-AVT (5.3)

where ¢q. is the heat flux vector and A the thermal conductivity matrix. During the thermal mod-
elling process the heat conduction and losses are modelled, to simulate the heat flow through and
out of the material. To implement the heat flow through the material special heat transfer element
have to be used, which contain degree of freedom regarding the energy distribution. For the mod-
elling of the heat losses, thermal boundary conditions are applied where heat losses can occur.

5.1.2. Heat Application Method
In this section the two main possibilities for the simulation of a heat source are described. These
are the heat distribution method and the segment method.

Heat Distribution

For numerical simulating purposes, a volumetric heat flux can be used to simulate the thermal
distribution in a workpiece [8, 66-68]. A widely used volumetric power density distribution is the
Goldak distribution [66]. It describes a double ellipsoidal shaped function to represent a heat den-
sity distribution induced by a welding process. The front and back of the distribution are defined
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separately as qr(x, y, z, t) (equation 5.4) and g, (x, y, z, t) (equation 5.5) respectively.
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where g¢ and g, are the body heat flux in Wimd. a, b, cr and ¢, define the size and shape of
the distribution in meters, Q is the power input rate in Watts. fr and f, describe the distribution
of the power input to the front and rear quadrant respectively, where fr + f; = 2 must hold. v
describes the welding speed in m/s, and x, y, z the position coordinates of the distribution (see
Figure 5.2). It is important to note that the factors which describe the shape and heat distribution
(a, b, cg, cr, ff, fr) cannot be directly related to a physical welding arc. However, these factors
are commonly determined by measurements of the weld pool area [8, 19, 43, 67]. In the simulation
adjustment of the shape parameter may be required, to find a good agreement with the measured
temperature distribution during a welding process.

Q=nVI (5.6)

The Goldak heat distribution has proven to show results which are in good agreement with experi-
mental results. [8, 19, 43, 67]. However, applying the aforementioned parameters of the distribution
does not guaranty a good agreement with experimental measured temperature distribution. Differ-
ent factors, such a material density and material conduction coefficient material density, are depen-
dent on the temperature and will influence the thermal distribution through the material. Goldak
represent the heat input, not the resulting temperature distribution of the material. Therefore, care
should be taken to choose the correct parameters, in order to find an appropriate numerical solu-
tion.

Figure 5.2: Visual representation of the Goldak double ellipsoidal heat distribution function
[8, 66]
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Segment Method

The segment method combines the thermal and mechanical influence of the molten weld metal by
simulating the filling of filler material and temperature at the same time [69-71]. The addition of
filler material is simulated by activating elements in separate chunks. These elements have a pre-
described temperature, representing the induced heat due to the welding. When compared with
the Goldak heat flux method, the segment method resembles more closely the welding process and
could give a better representation of the thermal distribution during welding [72]. However, applied
parameters need calibration and cannot be derived from experimental measurement, this makes
the method highly dependent on the used parameters.

The main parameters to be chosen are the chunk boundary temperature and internal temperature
[73]. The chuck is held at an uniform temperature for a certain amount of time (soaking period)
to distributed the heat to the adjacent material (see Figure 5.3). The parameters for temperature
magnitude and soaking period have to be determined. A trial-and-error based approach has to be
implemented to find these parameters, an approximate cannot be determined based on experimen-
tally obtained data. This makes the parameters difficult to determine [69]. The method has proven
to find sufficient results for stress analysis [70, 71], but the usage in field of the segment method is
low, compared to the relative popular Goldak heat transfer method.

A plug-in is available for Abaqus named the Abaqus Welding Interface (AWI). The plug-in provides
an user interface to implement the segment method within the Abaqus environment.[70]
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Figure 5.3: Transient temperature behaviour of element which represent the molten welding
metal, when using the segment simulation method. [69]
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5.2. Mechanical Behaviour Modelling

5.2.1. Element Activation

The constrainment of a specimen is continuously changing during a welding process. As the weld
progresses, the material is connected in a gradual manner. This progressive connection prohibits
the movement of the specimen more and more, therefore introducing continuously a new con-
straining condition. This effect is especially apparent when relative large amount of welding dis-
tortion can occur, for example with specimens of a thin plate material and limited constraining
clamping conditions [12, 74].

Material activation is required to simulate the addition of the weld material, and consequently
simulating the changing constrainment condition. The modelling of this process is generally per-
formed by either of the following two approaches: the quiet element activation method or the ele-
ment birth-and-death method [72].

The quiet element activation method involves lowering stiffness properties during ’in-active’ state
of the element, limiting its effect on the surrounding ’active’ elements. Once the element is regarded
"active’, material properties are restored to values corresponding with the current temperature of the
material. The method is relatively easily implemented in most FEM software [75]. In the software,
material properties can often be made dependent on user specified parameters. Furthermore, the
continuous presence of 'in-active’ nodes makes a nodal coordinate mismatch (see Figure 5.4) at the
moment of element activation is impossible.

By lowering the stiffness, higher strains can be reached with relative low stresses. However, a too
low element stiffness may result in an ill-conditioned calculation matrix [72]. Moreover, sudden
changes in material properties may also results in numerical solutions problem. Therefore an im-
plementation is required which activates the elements in a smooth manner.

The element birth-and-death technique involves the full de-activation and activation of FEM el-
ements. De-activated elements are excluded out of the model and out of the system of equation
of the numerical calculations. Once the elements are regarded ’active’ they will be included in the
model and the system of equations once again. This method requires the FEM software to allow
for the re-computation of the calculation matrices. The birth-and-death method is computational
more efficient since it only includes the active nodes in the model. The full model is only considered
at the end of the computation, when all elements have been activated.

Nodal position may change during the analysis, due to distortions caused by the welding process
(see Figure 5.4). When de-activating elements at the beginning of the analysis, the original or last
known position of the nodes is saved. When activating the de-activated elements, the nodal posi-
tion is loaded again. Due to distortion during the welding process, original node locations may be
significantly been changed, which may lead to a nodal mismatch. For smaller distortions, this is not
a problem, but large distortions may lead to numerical calculation problems [63].

In this thesis the quiet element activation method is applied. The possibility of altering material
properties by an user subroutine, makes this method well suited for the Abaqus software. Moreover,
the lack of control of element removal and addition in the Abaqus software makes the quiet element
activation are more practical approach.
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5.2.2. Solid-Solid Phase Transformation

Some form of phase transformation will generally be present, when high temperatures are reached
during heating and cooling of steel [30]. This phase change transforms the crystalline structure and
can induces significant residual stresses by occurrence of a local volumetric expansion. The effects
of the solid phase transformation on the volumetric change can be derived from material properties
and be incorporated in FEA models.

The volumetric change due to the phase transformation during heating is a results of the transi-
tion of a (predominantly) ferrite structure to an austenitic structure. The change of a body-centered
cubic (bcc) to face-centered cubic (fcc) structure increases the material density, and therefore low-
ering its volume. This may induce plastic strains, due to the lowered yield conditions of the steel
at higher temperatures. On the other hand, during (rapid) cooling, the austenitic structure may
transform back to a martensitic, ferrite, beanite and/or pearlite structure, which induces a decrease
of density, increasing the material volume again. This martensitic change occurs at lower temper-
atures. Consequently, relative high residual stress changes occur, as a results of the relative high
stiffness of the material at these low temperatures. [30, 76, 77]

To implement the effects of these phase transition the volumetric changes have to be known. This
can be obtained by an explicit and implicit method [8]. The explicit method uses the fraction of
different crystalline structures within the metal, obtained by using a continuous cooling transfor-
mation (CTT) diagram, to calculate the volumetric changes of the material. These fraction may be
a combination of ferritic, beanitic, pearlitic, martensitic and austenitic structures. The diffusion-
controlled phase transformations (austenite to ferrite or austenite to perlite and beanite) can be
described by the LeBlond equation [8, 78]. Using a constant temperature change rate, this phase
fraction can be described with the equation: [8]

PiT, )= PFOTI1 - exp(=) 6.7)

where 7 represents the phase growth parameter. When the temperature is above Acj the steel frac-
tion is considered fully austenitic. To describe the phase fraction during non-diffusive phase trans-
formations (austenite to martensite) the Koistinen-Marburger equation can be used: [79]

Py(T, 1) = P2 (1 - exp(~b(M; — T)) (5.8)

where b is the martensite growth parameter, and M; the start temperature of the Martensitic trans-
formation. Based on these fractions and using the specific volume of each separate structure the
volumetric changes can be described during the phase transformations.

The other method of describing volumetric changes is the implicit method. This method is based
on experimental data from dilation tests of steel specimens. The expansion of the steel specimens
is tested at different temperatures. In the expansion curves of the steel, thermal expansion behaves
linearly (see Figure 5.5). A phase transformation causes a volumetric shift, which is clearly visible in
the figure.



5.2. Mechanical Behaviour Modelling 47

140
120_-
100-
80—-
60—-

40 -

Change in length, pm

T T T T T
0 200 400 600 800 1000

Temperature, °C

Figure 5.5: Dilatometer result of a S690QL1 quenched and tempered steel specimens. Tests
have been performed at different cooling rates. [8]

5.2.3. Solid-Liquid Phase Transformation

Base material near the welding arc will liquefy and become part of the weld pool. During heating
of this base material, plastic strain can rapidly build up. This is because of thermal expansion, local
constrainment and relative high temperature of the material. The liquefaction, or Solid to Liquid
transformation, a virgin state of the material is reset; resetting all previously accumulated strains,
transforming to a strain-free (liquid) state. The strain removal has to be considered in FEA model
to prevent incorrect build-up of plastic strains, which will lead to incorrect welding distortions. The
plastic strains build up during the heating of the material are of compressive nature (see Figure 5.8).
This will lead, if incorrectly included in the model, to smaller distortion predictions of the model.
(57]

After solidification of the liquid material, strains are able to build up again, starting from a strain
free state. To demonstrate the effects of strain reset of the material during heating, liquid state and
cooling, a simple FEA bar model was created. This 1D bar model, as depicted in Figure 5.6, is fully
fixed at its ends, to allow for a stress during heating of the material. For demonstrative purposes a
simple linear heating and cooling cycle is applied to the model. A cycle of 30 seconds is used, begin-
ning at a temperature of 0 °C and reaching a maximum temperature of 1800 °C at 15 seconds, after
returning again to a temperature of 0 °C (see Figure 5.7). For this model an arbitrary temperature
of 1500 °C is used to depict the temperature above which the material will be in liquid state and
should experience a strain reset. Material properties are equal to the material properties used for
the simulations in this thesis, which can be found in Section 4.2.

The results of the thermo-mechanical process are shown in Figure 5.8. A clear difference can be
seen in the final amount of plastic strain, both in magnitude and direction of the strain. The bar
without strain reset ends up with a plastic strain of compressive nature, where as the bar with reset
ends up with a plastic strain of tensile nature.
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Figure 5.7: The applied thermal cycle for the bar model. A maximum temperature of 1800 °C is
reached, while a temperature of 1500 °C depicts the temperature at which the metal is in liquid
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Figure 5.8: The plastic strain build up during the thermal cycle depicted in Figure 5.7 of a bar
with and without strain reset.
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5.3. Implementation

5.3.1. Element Activation of the Model

To get a correct strain and stress distribution during the simulation, a form of (plastic) strain re-
set is needed during the heating process (see Section 5.2.3). It was found that a plastic strain reset
function was not readily available within the Abaqus software. However, the user is able to develop
an User Defined Material Behaviour subroutine (UMAT-subroutine), in which specific material be-
haviour can be described [63] by controlling the constitutive equations of the elements. A plastic
strain reset can be incorporated [57, 80-82] by use of this subroutine, but “implementation of a re-
alistic constitutive model requires extensive development and testing” [83]

Accordingly, it was decided that the solid-to-liquid transformation would not be modelled at all,
simulating only the mechanical effect from the solidification state onwards. In such manner, me-
chanical analysis of the weld pool is only modelled in the cooling phase, simulating from solidifi-
cation the shrinkage of the weld. By neglecting the thermal expansion in the heating phase, any
mechanical effect due to expansion is also neglected. This effect however is assumed to be low in
this model, since the welded plates are separated at the weld location (see Figure 4.2). The plates
are free to move and expand where limited amounts of compressive stresses are build up.

The (separate) mechanical behaviour of the elements which represent the weld pool is implemented
in the following manner. During the thermal analysis a database is created to collect elements which
have reached a certain threshold temperature. This threshold temperature can for example be set
equal to (approximately) the liquefaction temperature of 1480 °C. The database records the element
number and this is written to a text file.

During the mechanical analysis, this text file is read out by a database subroutine (UEXTERNALDB-
subroutine [63]) within the Abaqus subroutine environment, to use it for the mechanical analysis.
This way, the code can determine which elements should follow a specific mechanical behaviour.
Where the main two factors of the activation of the weld pool elements in the mechanical analysis
are the stiffness properties and the thermal expansion. See Appendix C.3.3 for an example of the
subroutine used in this thesis.

The following sections will discuss the implementation in the model of the physical phenomena
discussed in Section 5.1 and 5.2.

5.3.2. Implementation of the Thermal Analysis

An user defined subroutine is required for the implementation of the Goldak heat distribution in an
Abaqus model. The DFLUX-subroutine is used to describe a heat density function [63]. Equations
5.4 and 5.5 are implemented in the subroutine code, which is a relative easy procedure. In Appendix
C.2.2 the full DFLUX-subroutine code is shown and discussed.

As was described in Section 5.1.2, the Goldak heat distribution needs adjustment of its parame-
ters to find an appropriate numerical solution. By adjusting the parameters, a numerical solution
can be found which is in agreement with experimentally found thermal results. In this thesis, shape
parameters were fixed and the power efficiency parameter was used to fit the numerical results.
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It was found that 2D shell results of the heat analysis were in close agreement with 3D solid ele-
ment heat analysis. The 2D model was used to determine a good approximate value for the power
efficiency parameters. Accordingly, this parameter was used in the 3D model of the heat analysis
and, if needed, adjusted to find a good agreement of the thermal results. The 2D shell model was
used to get a good estimate of the efficiency parameter in a significantly shorter computational time,
compared to the 3D solid elements models (See Table 5.1). Moreover, the use of pc storage is signif-
icantly lowered by using the 2D model.

If calibration is focussed on temperature near the weld, not the full 3D model has to be completely
finished. This can give an estimate of the Goldak parameters in the 3D model and it will save time.
However, for calibration of heat cycles further from the weld more time is needed, since it takes a
long time for the temperature cycle to reach its peak value. Simply stated, if 20% of the total com-
putation time is calculated, a reduction of 80% in computation time is achieved during calibration.

Table 5.1: Simulation Performance Overview

2D 3D 3D - 20%
Number of Degree of Freedom | 414 32345 32345
Storage [KiloByte] 25,080 8,078,578 1,615,715
User Time [sec] 760.50 | 1.35652E+05 27130.4
System Time [sec] 46.800 3167.3 633.46
Total CPU Time [sec] 807.30 | 1.38819E+05 | 27,763.8
Wallclock Time [sec] 383 47044 9879.24

It was found that a linear approach to finding the correct welding efficiency parameter leads to ac-
ceptable efficiency approximation. The matching of experimental and simulation thermal results
by altering the welding efficiency parameter is performed with the following approach (see Figure
5.9):

» Step 1: Choose an initial efficiency parameter (1), for example 0.7. Run the analysis.

e Step 2: Analyse the thermal results at a location which corresponds with the location of the
thermocouples of the experiment. Record the maximum (peak) temperature reached (7Tj).
Use the simulation peak temperature with the used heat efficiency parameter and the origin,
to linearly inter- or extrapolate for a new heat efficiency parameter, based on the peak temper-
ature of the experiment (Texp). Run a (new) analysis with the new found efficiency parameter

(n1).

 Step 3: Similar to the previous step. But in this case, inter- or extrapolate between the first
analysis peak temperature results (7p) and efficiency parameter (1) and the second analysis
peak temperature results (77) and efficiency parameter (1;). Again using the experiment peak
temperature (Teyp). Run the third analysis.

e Step 4: Repeat Step 3 until a sufficient match of peak temperatures between simulation and
experiment has been reached.

This matching method is only considering temperature peak results. If curve shapes of the ther-
mal cycle do not match sufficiently after matching of the peak results, it is likely the heat distribution
through the material is not simulated well. A change in thermal boundary conditions, thermal ma-
terial properties or Goldak shape parameters may be needed.
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Figure 5.9: Visual representation of the thermal data and weld efficiency fitting approach. This
example shows the use of extrapolation only, interpolation can also be used.

5.3.3. Implementation of Thermal Data Database

The evaluation of temperature during a thermal analysis asks for a small work-around, since a tem-
perature data request is unavailable in the heat flux subroutine. To make use of the temperature
data an user defined field variable subroutine (USDFLD-subroutine) is added. During the thermal
analysis this subroutine is used, but does not specify a specific field variable, therefore not changing
material properties during the analysis. Instead, the subroutine is used to request temperature data
from the model and analyse whether the element has reached a certain temperature.

To prevent generation of large database files during the analysis of the temperature data, effi-
ciency measures had to be incorporated. A limit is set to the evaluation volume of the weld pool
temperature data and elements are marked when the melting temperature has been reached, so
these element are further in the analysis excluded in the evaluation routine. See Figure 5.10 for a
visual representation of the limited evaluation volume for the element temperature data.
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Figure 5.10: For every element within the box, temperature data is recorded. The box translates
together with the weld pool, increasing analysis efficiency
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5.3.4. Implementation of Element Activation: Material Softening

In this thesis the quiet activation method is used (see Section 5.2.1). Softening of the elements is
implement by applying an artificial high temperature on the elements. At high temperatures, the
stiffness of the elements is low (see Section 4.2), simulating an in-active element [84]. Elements
which present the weld pool will be artificially held at this softening temperature until cooling of
the element occurs.

Cooling occurs immediately after the peak temperature of the element has been reached. At this
peak, temperature is certain to be higher than the liquidus temperature, since the element activa-
tion is only regarded for elements which experience a liquid-to-solid transformation. At this high
temperature material stiffness is low, allowing a smooth transition from material properties at soft-
ening temperatures to material properties at the current temperature. As soon as the cooling has
started, material properties are restored to be dependent on the current temperature of the element
(See Figure 5.11).
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Figure 5.11: A nodal thermal cycle together with the artificial thermal cycle of a weld material
element. Artificially high temperature are kept at Softening Temperature to ensure low stiffness
during 'in-active’ state of the element. In the cooling state under the Softening Temperature,
the normal temperature profile will be followed. Note, temperature value of the element due
to calculation is not altered. Adopted from [84].

Implementation of a softening temperature in Abaqus requires the use of a USDFLD-subroutine
[63]. This subroutine allows the user to control material properties based on the solution of a model,
during an analysis. The subroutine for softening of the element can be found in Appendix C.3.1.
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5.3.5. Implementation of Element Activation: Thermal Expansion

When element activation is applied in the model, as discussed in Section 5.3.4, the material is acti-
vated just after the peak temperature of the element has been reached. In reality, when the solidifi-
cation of the liquid material happens, it starts off in a zero strain condition, building strains as the
material cools down [57]. This zero strain condition has to be implemented in the model to simulate
the correct behaviour of element solidification. However, due to relative high temperatures during
activation in the model, high thermal strains will be present due to the default thermal expansion
definition of Abaqus.

The default equation of thermal expansion used in Abaqus is represented in Equation 5.9. Where 6,
6° and 6 are temperatures at the current time, the reference temperature and the initial tempera-
ture, respectively. The thermal coefficient at the initial temperature (a!) and the current tempera-
ture (a). The thermal expansion definition includes a correction regarding the initial temperature
and the reference temperature.

e =a@-6%-a'0"-0" (5.9)

This forms a problem when element stiffness is restored during re-activation, due to the high tem-
perature, large amount of plastic strains instantly form. This is not representative for a real welding
process and furthermore, the sudden increase of stress will lead to numerical instability. Therefore,
a different strain definition in the software is required.

An user subroutine is used to implement the required behaviour of the thermal strains during the
activation of the elements. An UEXPAN-subroutine [63] is used to describe the thermal strain for
each calculation increment, allowing full user control. The subroutine describes the thermal ex-
pansion behaviour for all the elements, but applies a cooling-only expansion profile for element
which are activated during the analysis (see Section 5.3.1). This way large thermal strains at solidifi-
cation are avoided and is only build up during the further cooling of the element. The thermal strain
builds up during cooling at a temperature below 1000 °C. Above this temperature the mechanical
strength is significantly lost, therefore this temperature was taken a the maximum allowable tem-
perature for the thermal strain build up (8, 85, 86].

A more extended overview of the UEXPAN subroutine can be found in Appendix C.3.2.

5.3.6. Implementation of Solid-Solid Phase Transformation

Implementation of the phase transformation can be performed relatively easily once the effect of
volumetric changes are known. During the thermal analysis, peak temperatures of the elements are
recorded providing a database on which thermal-mechanical behaviour can be based on. A simi-
lar approach can be used to record the relevant cooling rate parameters, since the cooling rate can
have significant effects on the cooling phase transformation, see Figure 5.5. Similar to the elements
which represent the weld pool (Section 5.3.4), this data can be read and used in an UEXPAN sub-
routine. Different material behaviour curves can be described for different maximum temperatures
reached, assigning the relevant expansive behaviour of the material to each separate element.

Whether a phase transformation occurs during heating and cooling of the material is highly de-
pendent on the peak temperature reached [8, 87]. Generally, phase change are considered to occur
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when the material has reached a full austenitic phase state. This means that the peak temperature

of Acs or higher should have been reached.

Incorporating the phase transformation in the thermal-mechanical analysis have not been applied
to the models in this thesis. Harness measurement of the weld, Heat Affected Zone and base mate-
rial of the experiment performed in this thesis show relative low hardness in the HAZ compared to
the base material (see Appendix A). Furthermore, relevant material properties were not obtained in
this thesis and therefore the phase transformation was excluded out of the analysis.

However, successful application of the above mentioned suggested approach was achieved by Rikken
[88], by using thermal expansion curves obtained from dilatation experiments.

5.3.7. Implementation of Solid-Liquid Phase Transformation

As described in Section 5.3.1, elements which represent the weld pool are only activated during
cooling. Using this method, plastic strain build up due to the heating of the elements is prevented,
activating the elements without a plastic strain, as if the elements have experienced a plastic strain
reset. See Figure 5.12 for visual comparison between this method and the plastic strain reset im-
plementation. Material activation is exactly the same as all the other elements which represent the

weld pool, see sections 4.2 and 5.3.4.

T
0.020 |- .
~ 0.010 | .
=
=
& 0.000 . -
g " :
2 5 : .
=_o0o0l0| = Cooling Only
H ====x \With strain reset
~0.020 |- e, .
| I | o I I
0 5 10 15 20 25 30

Time [sec]

Figure 5.12: The plastic strain build up during the thermal cycle depicted in Figure 5.7 of a bar
with strain reset and the plastic build up implemented in this thesis’ model.
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In this chapter the simulation parameters and results are discussed, simulating the experiments
performed at the Material Science and Engineering laboratory of the Delft University of Technology,
see Chapter 4 for the set-up of the experiment.

6.1. Meshing

In a heat analysis where relative high temperature gradient are present, a relative dense mesh is re-
quired to correctly calculate the simulation results [8]. However, computational time is increased
when the number of elements is increased. An optimum solution between simulation results and
computational time can be found my means of a mesh sensitivity analysis.

A mesh sensitivity analysis is performed for the elements near the weld, in the welding direction.
The analysis shows that by increasing element density above approximately 600 elements per me-
ter, relative stable analysis results are found (see Figure 6.1) where the difference in results is ap-
proximately 10 °C. This density is required at the weld, where the maximum temperature gradients
are present. From the experiment test results one can see that temperature peak values and tem-
perature gradients decrease very quickly when distance from the weld centre increases. Therefore,
density of the elements is reduced in the transverse and longitudinal direction after approximately
8mm from the weld centre to decrease computation time of the simulation. In the transition region
from fine mesh to coarse mesh, a 2-to-1 ratio transition sections is used to ensure controlled mesh
build-up. Figure 6.2 shows the meshing of half the plate, including the transition sections.

Four elements are distributed over the thickness of the plate (See Figure 6.3). This was decided
based on previous research [8] and a balance between analysis performance and duration. A thick-
ness of four elements was found to find a sufficient solution to the simulations performed in this
thesis. Near the weld element density is increased, using wedge shaped element to be compatible
with the triangular shape of the weld.
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Figure 6.1: The effect of mesh density on the maximum temperature reached in the simulation.
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Figure 6.2: Mesh configuration of the model (half-section). The weld is applied at the bottom

of the figure, where Mesh density is high.

Figure 6.3: Mesh configuration of the model (half-cross-section). The weld is applied at the

right of the figure, where Mesh density is high.
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6.2. Elements

In this thesis the welding simulation is performed sequentially. The simulation procedure is sep-
arated in a heat analysis and a stress analysis. Therefore, in the welding simulation two different
types of elements are used, heat and stress solid continuous elements.

The heat elements only hold temperature degree of freedom at the nodes. Both Hexagonal and
Wedge shape elements are used in the model. The wedge shaped elements are used to be provide
compatibility with the triangular shape of the weld. An 8-node linear heat transfer brick (DC3D9)
[63] is used for the hexagonal elements and a 6-node linear heat transfer triangular prism (DC3D6)
[63] is used for the wedge shaped element near the weld. See Figures 6.4 and 6.5 for a visual repre-
sentation of the element.
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Figure 6.4: A hexagonal shaped element Figure 6.5: A wedge shaped element, used
used for the majority of the model in this for the triangular shape of the weld. [89]
thesis. [89]

For the stress analysis, the same mesh as the heat transfer is used. By using the same mesh, no com-
patibility issues between heat analysis and thermo-mechanical analysis can occur. Furthermore,
during the heat analysis, element numbers are recorded to assign separate material behaviour (see
Section 5.3.1). Therefore, elements must have the same number-label in both the heat and thermo-
mechanical analysis.

In the thermo-mechanical analysis the types of elements are changed to stress based elements. In
this analysis the elements make use of temperature-dependent material properties to calculate the
stresses. An 8-node linear brick (C3D8) [63] is used for the Hexagonal shaped elements, and a 6-
node linear triangular prism (C3D6) [63] element is used for the wedge shaped elements.
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6.3. Thermal Heat Flux Parameters

This section will discuss the parameters used for the Goldak heat distribution in the model. Welding
power input parameters, derived from the welding power source, are used as the Voltage and Cur-
rent parameters. As shown in Section 4.4.1 the measured welding power input is approximately 10%
higher than the power shown by the power source. Accordingly, a relative high efficiency parame-
ter was expected. Width parameter a of the Goldak shape is set as 90% of half the weld width [43].
Shape parameter cy is set equal to this size and ¢, to two time this size, as many researches used
this approximation [8, 19, 43] and found good correlating results. Depth parameter b is set equal
to 5 mm, as has been used by comparative research [8]. The welding input fraction is distributed
from 0.6 to the front section and 1.4 to the back. The Goldak heat source speed is set equal to the
experimental travelling speed of 5 mm/s. After 2D and 3D efficiency parameter calibration, as de-
scribed in Section 5.3.2, a welding efficiency of 1.0 was found to match thermal results sufficiently.
See Table 6.1 for an overview of the different parameters.

Table 6.1: Overview of the Goldak parameters used in this research

Voltage 22.1 \%
Current 170.0 A
Efficiency 1.0 -
Width (a) 5.82 mm
Depth (b) 5.0 mm
Front (cf) 5.82 (= a) mm
Back (cy) 11.64 (=2*a) mm
Welding Speed 5 mm/s

Front Fraction 0.6 -
Back Fraction 1.4 -
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6.4. Thermal Boundary Conditions

All thermal losses of the plate are modelled in an implicit manner. Accordingly, all thermal losses
are represented by thermal boundaries and expressed as thermal convection and radiation (see Sec-
tion 5.1.1). To simulate the experiment as close as possible thermal boundary conditions have been
based on the conditions of the plate during welding. The steel on steel contact of the clamping
system is assumed to be of high conduction losses. Due to the relative high volume of the clamp-
ing plates, no increase of the temperature of the clamping is assumed. An uniform convection of
50 W/m?K is assumed where the clamping is present. For DIC distortion measurement, paint was
applied at the top surface of the freely deformable plate. The painted area is assumed to have a
convection coefficient of 20 W/m?K. At the weld root, ceramic backing was present and a low con-
vection rate is assumed; a convection coefficient of 10 W/m?K is used. All other surfaces, which are
in direct contact with the surrounding air are assumed to have a thermal conductivity coefficient of
20 W/m?K. All the chosen thermal boundary conditions are assumed based on prior research done
in this field [8, 19, 43]. For radiation, a emissivity of 0.9 was used where the welded plates were not in
contact with either the clamping or the ceramic bricks [8]. The radiation coefficient parameter may
vary significantly in different research, but changing the parameter does not significantly change
the stress results in the simulation [19].

Figure 6.6 shows the exact locations of the applied thermal boundary conditions.
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Figure 6.6: The thermal boundary conditions as applied for the experiment model. Convection
coefficient are shown, together with the thermal radiation coefficient (eps), when applicable.
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6.5. Transient Thermal Results and Comparison

Figure 6.7 and Figure 6.8 present the experiment and FEM results of the thermal analysis. As can be
seen in Figure 6.8, thermal measurement and 3D simulation results show an overall sufficient match
of results. A maximum difference is found at the thermocouple of 10 mm from the weld centre,
where a maximum difference of 30°C is found. The fitting parameter, the welding power efficiency,
is found based on a 2D heat analysis (see Section 5.3.2). The maximum difference between 2D and
3D thermal results is an approximate 150°C. The temperatures of FEM and measurement results
reach it peak value on the same time; it demonstrates a matching temperature distribution over time
towards the transverse direction in the material. The experimental thermal couple measurements
close to the weld, at 3 and 5 mm from the weld centre, show different peak results. This may be
caused by inadequate thermal couple to specimen attachment, or measurements exceeding the
measurement capability of the thermocouple. Temperatures in the 2D model are generally higher
compared to the 3D model results. This may be explained through the heatlosses in the longitudinal
direction in the 3D model, the out-of-plane direction in the 2D shell model.
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Figure 6.7: The thermal experimental measurement and 2D simulation results compared with
each other.
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Figure 6.8: The thermal experimental measurement and 3D simulation results compared with
each other.
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6.6. Distortion Results and Comparison

6.6.1. Transient Deformation Measurement
Comparison of experimental and simulated results show both a similar distortion build up during
and after the welding process. Two sections can be distinguished: arelative quick build-up of distor-
tion until approximately 50 seconds and a slower build-up of distortion after these first 50 seconds.
The first section of distortion growth corresponds with the welding process and thus the presence
of the welding arc. High temperatures are reached and large temperature gradients are present once
the arc has passed (See Figure 6.8). The combination of a large temperature gradient and relative
high temperature will cause significant distortion in the initial phase, just when the arc has passed.
A sudden change in distortion gradient can be observed at around 50 seconds, the moment
when the arc has passed the specimen. The specimen is now absent of the large thermal gradi-
ents of the welding arc and thus distortion increase has (rapidly) slowed down. After this moment,
strains are slowly building further up in the specimen due to the cooling process. The build-up of
longitudinal and transverse stress predominantly define the distortion of the specimen (see Figure
6.12), causing a gradual buckling shape which defines the final distorted plate.
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Figure 6.9: The LVDT deformation results compared with transient simulation results of the
same location.

Figure 6.10: The dot indicates the location of LVDT measurement. The line indicates the loca-
tion of the static deformation measurements.
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Figure 6.11 show the comparison between LVDT and simulation distortion results. A large difference
at the first 50 seconds of the welding process. A maximum difference of around 60% is found, which
is a difference of approximately 0.7 mm. After the first 50 seconds, differences in results stabilise to
an approximate 10%, which translate to a difference of approximately 0.4 mm.
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Figure 6.11: LVDT (blue, circle) and Simulation (red, square) results compared with each other.
The difference of the results are presented in percentages (black, triangle).
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Figure 6.12: Results of transient deformation simulation where the three main stress directions
(Longitudinal, Transverse and Out-of-plane) are separately de-activated in the analysis.
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6.6.2. Boundary Condition Uncertainties
An investigation of the constrainment of the plates after welding showed small out-of-plane dis-
tortions of the specimen between the clamping plates, approximately 0.1 mm. This is most likely

caused by uneven surfaces of the contact areas of the plates in combination with small deflections
of the clamping plates.

As a consequence, the anticipated (stiff) boundary conditions of the model showed simulation re-
sults which were not in good agreement with experiment distortion results (see Figure 6.13, full).
Distortion of a freely constrained plate showed distortion results also no agreement, thus a new a
boundary condition had to be found.
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Figure 6.13: Comparison between free con- Figure 6.14: Visual representation of the
straint, full constrain and experimental data out-of-plane boundary condition of the
of the welding distortion at the outer edge. plate model. Where the free constraint is dis-
A significant influence of the boundary con- tance A equal to zero. The full constraint
ditions on the final amount of distortion can condition is A set equal to the experimental
be observed. clamp; 86 mm

As a result of the out-of-plane movement of the plate specimen between the clamping plates,
boundary conditions were difficult to derive from the experiment. Clamps could not be removed to
investigate further, since further experiment on the plate was required. Therefore, boundary condi-
tions were varied by trial-and-error to find matching results between simulation and experiment.

Matching results were found by applying out-of-plane boundary conditions which consist of two
fully constrained lines (seen Figure 6.14). One line is placed at the plate edge, as in the experiment
close to this edge bolts were present, constraining the plate. The other line is located parallel to this
line on the plate model. Distance between the lines is varied to find a good agreement of distortion
results (distance A, see Figure 6.14), starting from a distance of 86 mm, similar to the experiment

clamp. A good agreement was found with a minimum distance between the lines of A =1.25 mm
(see Figure 6.16).

Distortion positive and negative directions, as used in this thesis, can be found in Figure 6.15.
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[ [ 1
1

Figure 6.15: Indication of the positive and negative distortion due to the welding process, as
used in this thesis.
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Figure 6.16: Welding distortion results dependent on the boundary conditions, see Figure 6.14
for distance A.
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Figure 6.17: Top view of the welding clamp which shows the location of the displacement field
results shown in Figures 6.18 and 6.19
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6.6.3. Static Distortion Data

In Figures 6.18 and 6.19 show a Finite Element contour plot and the DIC data points, respectively.
The measurement area on the plate of these distortion can be found in Figure 6.17. Distortion re-
sults of the simulation are a lower than experiment results, as was also observed with the LVDT
measurement (see Figure 6.9). An overall agreement between simulation and DIC results is found.
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Figure 6.18: Contour plot results of the distortion of the simulation.
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Figure 6.19: Scatter plot of DIC distortion measurement points on the distorted plate. Colours
correspond with the legend of the contour plot of Figure 6.18

A further comparison is made by comparing distortion results of DIC, LVT and calliper measure-
ment with the simulation results. A comparison is of the distortion at the longitudinal edge loca-
tion of the plate (see Figure 6.20). A overall good agreement between experiment measurements is
found. Calliper measurement show a maximum difference of approximately 30% for a single mea-
surement point, but overall results are in good agreement. DIC measurement points may seem to
spread in the graph, but this is due to the location of the measurement points on the specimen.
Finite Element results show similar distortion of the plate.
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Figure 6.20: Static distortion measurement results of the different distortion measurement
methods. See Figure 6.10 for the measurement location.
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6.7. Discussion

6.7.1. Activation Moment

A parametric analysis is performed on the moment of activation of the element which represent the
weld pool. The parametric analysis in this section will investigate the influence of this start tem-
perature (and thus the amount of thermal strain) on the stress build-up once material stiffness is
increasing.

As discussed in Section 5.3.1, elements which represent the weld pool only experience cooling in
this model. As cooling of the element is started, temperatures decrease and as a result temperature-
dependent Young’s modulus is increasing, effectively activating the element. During activation of
the element, also the thermal shrinkage start point has to be set (see Section 5.3.5). The amount of
thermal shrinkage is dependent on this start temperature since e’ = a - AT.

To compare the effects of the thermal strain activation temperature, 20 analyses have been per-
formed ranging from an activation temperature from 100 to 2000 °C. Results can be found in Figures
6.21.

4 — —
3.5
3 I
= 25
g
E
= 2r
o
=
9 1.5
g
)
1 [
/ -—--100 degr. C ----200 degr. C
05H# -+ 300 degr. C ---400 degr. C n
- - 500 degr. C ~--B600 degr. C
0 —— =700 degr. C n
—0.5 | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500
Time [sec]

Figure 6.21: The effect of simulation activation temperature on distortion.

Distortion results show relative steady results when activation occurs at a temperature of 700 °C or
higher. A further comparison is made between the analyses by comparing the stress results. The
compared analyses all experienced a thermal expansion activation temperature of 700 °C or higher,
therefore having similar distortion result. The Von Mises stress contour plot is presented in Figure
6.22 together with stress level over two different locations in Figure 6.23 and 6.24. Again, no signifi-
cant differences in the stress fields can be found.

Distortion and stress results show relative steady results when activation occurs at a temperature
of 700 °C or higher. This corresponds with the loss of Young’s modulus at this temperature, as used
for the material properties in this model (see Figure 4.1). Futhermore, in this model a perfect plastic
behaviour is used for the plastic build up. As a consequence, any plastic zone in the model has the
same strain and has an similar effect on the model stress results.
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Figure 6.22: Bottom view of the Von Mises stress of the welded plate. The two red lines indicate
the location of the stresses in Figure 6.23 and 6.24.
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Figure 6.23: Stresses along the vertical red indication line of Figure 6.22. Analyses with activa-
tion temperature between 700 and 2000 °C are represented in the figure.
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Figure 6.24: Stresses along the horizontal red indication line of Figure 6.22. Analyses with acti-
vation temperature between 700 and 2000 °C are represented in the figure.
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6.7.2. Investigation of Transverse Thermal Distribution in a 3D model

In Section 6.5, a good agreement was found between 2D and 3D thermal simulation results com-
pared with temperature measurement from the welding experiment. These measurements were
based on the thermocouples which were placed transverse on the plate, at a single location in the
longitudinal direction of the weld (see Figure 4.5). Since only transverse distribution of tempera-
tures is regarded in the experiment, a simulation investigation is performed to question the variance
of the thermal results in the longitudinal direction of the weld. The focus is on peak temperatures
reached during the thermal-cycle, at the locations of the thermocouples as placed during the exper-
iment of the initial weld (see Figure 4.5). Transverse temperature at the transverse locations of the
weld, as a the weld progresses. Figure 6.25 show the thermal peak results of the 3D model results
parallel to the weld, at a fixed distance from the weld centre. A clear stable section of peak temper-
ature results can be found in the figure. Only at the start, where the heat flux is introduced, lower
peak values are found. At the end of the weld, where the plate ends, higher temperature peak values
are found. Heat cannot dissipate due to a lack of material and thus temperature increases.
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Figure 6.25: The peak temperature values at the location of the thermocouples, at every loca-
tion along the weld in longitudinal direction.

In the model of this thesis, the factors which can have an significant effect on the thermal re-
sults are constant, which contributed to the constant values found in Figure 6.25. The factors are
temperature-dependent thermal properties, heat flux, plate geometry and thermal boundary condi-
tions. For a full analysis, further simulation work needs to be performed to investigate the influence
of the aforementioned factors, and results have to be verified through experiment. The simulation
results show an equilibrium state on the temperature distribution of the transverse direction on the
plate. In this model, the equilibrium state is found at approximately 30 mm from the weld start and
25 mm from the end point. Further simulation work needs to be performed to find a possible rela-
tion between the heat model influencing factors and the possible equilibrium state of temperature
distribution.
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6.7.3. Improvement on Clamping Constrainment

Improvement Experiment Clamps

As discussed in Section 6.6.2, out-of-plane movement was observed between the plate and clamps.
This caused uncertainties in the simulation model and a fitting boundary conditions had to be
found. In this section some suggestions for improvement of the clamps are made.

Improvements can be made by ensuring full surface connectivity between the clamping plates and
the specimen. The stiff nature of the steel plates make a full surface contact relatively difficult, since
relative small imperfections can lead to separation. A more flat surface can be created by machining
the plate surfaces, but small distortion will almost always be present.

By putting pressure on the clamping plates, small openings between surface of the clam and spec-
imen may be removed. However, this applied pressure has to be know, since ultimately the experi-
ment is modelled in FEM software. Considering the used clamping plates in this thesis (see Figure
4.5), the bolts have to be pre-stressed to ensure sufficient pressure on the specimen plate. The pre-
stress of the bolts can be determined by calibration of the bolts before the specimen is clamped,
such that strain measurement can determine the relation of pre-stress and the torque applied on
the bolt [90]. Another approach is by stressing the plates continuously by hydraulic clamps. The
portability of the specimen and clamp is then lost, but pressure on the plate can relatively easy be
controlled and maintained.

Putting pressure on the plate may induce significant (local) forces, making the clamping plates sus-
ceptible for bending. Stiffness of the plates have to be increased. By increasing the plate thickness
stiffness is increased, but a more weight efficient solution would be to apply stiffness plates, which
can prevent distortion of the clamps.

Improvement Simulation of Clamps

A more explicit simulation of the specimen clamps can aid in defining correct and close to reality
boundary conditions. The clamps can be fully modelled in the FEM software, such that stress in the
plate are accounted for in the simulation. Another (more implicit) manner of defining the clamps is
the use of spring-boundary conditions.

Modelling the clamps explicitly in the model has the advantages that is can take into account the
specimen-to-clamp separation, allowing for out-of-plane movement. The in-plane movement can
be modelled by friction between clamp and specimen. A significant disadvantage of the full simu-
lation of the clamps is the increase in calculation time of the model. Another disadvantages of this
full simulation, especially when considering specimen-to-clamp separation, is that the amount of
pre-stress or pressure applied by the clamp of the experiment has to be known. This can be acquired
by experiment, by for example determining the pre-stress of the bolts clamps or by use of hydraulic
clamps on which the pressure it can apply, can be defined.

The use of spring-boundary conditions on the element will be more computational efficient com-
pared to the full explicit modelling of the clamps. However, the stiffness definition of the springs
must be defined to resemble the clamping plate stiffness. A good (analytical) approximation for
the spring stiffness definition for, as an example, a specimen clamped between two plates and two
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bolts can be using the definition for beam distortion (see Equation 6.1 and Figure 6.26). Using the
approximation, a spring stiffness can be derived dependent on the spring location and taking into
account the bending of the clamping plates.

_2-F-a*(L-a)?*
"~ 3-EIQa+L)?

F 3-EI2a+L)?
- kspring = ST 5 3,7 2 (6.1)

0
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Figure 6.26: Distortion definition of a fixed-fixed beam subjected to a point load which can be
used to approximate spring stiffness in out-of-plane direction. [91]

6.7.4. Simulation Results

As was shown in Section 6.6, the final distortion difference of results between experiment and sim-
ulation are approximately 0.4 mm, an approximate 10% in difference. Boundary conditions were
found which resulted in this distortion, but other factors and choices made in this model can lead
to difference in distortion results. In this section these influencing factors are discussed.

The material properties have been acquired by JMatPro software and are expected to not perfect
match the material properties of the used specimen. Most importantly the difference in plastic be-
haviour is expected to be of significant influence. In this thesis the plastic behaviour is assumed to
be perfect plastic, no strain hardening occurs. Since the residual stress are dependent on the plastic
zones 2.1.1, this choice may be of mayor influence. If (realistic) strain hardening is implemented,
it is expected that higher stresses in the plastic zones are reached. This, in turn, will increase the
overall residual stresses in the specimen since an equilibrium of stresses is found. This increase of
stress will induce more force on the plate which causes distortion, thus more distortion is expected
when strain hardening is applied.

The approximated weld pool of the Goldak heat distribution was a different shape compared to
the cross-section of the weld made afterwards (see Figure 6.27). In the simulation, the Goldak was
altered without looking at the cross-section since this was not available at the time. In the cross-
section of the welded plate are more triangular weld pool is found compared with a more trape-
zoidal weld pool in the simulation. The more triangular shape could induce more distortion due to
transverse stresses, since the resulting force is most likely more eccentric from the mid-section of
the plate. Comparing the cross-section of the weld further, simulation and experiment show a good
agreement of the HAZ.

The Goldak shape parameters can be altered to approximate the shape of the (real) weld pool in
the simulation. This was not incorporated in this thesis since the cross-section of the welded plate
was made in a later stadium of the thesis, and alternation could not have been examined in the then
available time.
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Figure 6.27: Comparison between thermal field (yellow, with temperature of isotherm) and
HAZ (red) of the experiment weld. [92, 93]

The cooling only shrinkage of the weld pool can have a significant effect on the welding dis-
tortion. As discussed in Section 5.2.1, the activation of the weld pool elements is only during the
cooling phase. Thus, heated base material also does not experience any mechanical effects from
heating. The lack of expansion during this heating phase of the elements is expected to have rel-
ative little effect on the distortion since relative free expansion is possible (see Section 5.3.1). This
however, is not verified in this thesis.






Repair Welding

In this chapter the different aspects of application and simulation of repair welding is discussed.
First an introduction to repair welding is be given, followed by the explanation of the performed
experiment. After which the repair weld simulation approach will be discussed, and distortion of
experiment and simulation are compared.

7.1. General

Reliable welds in a structure must be achieved to meet Safety Design Criteria. In order to ensure
the quality of the weld in a structure, an quality assessment of the weld can be performed [40].
Accordingly, two main quality testing methods can be used: Non-Destructive Testing (NDT) and
Destructing Testing (DT). Generally during the fabrication of a steel section NDT measurements
are performed, as DT measurements destroy the welds.

After assessment, the weld may not meet specified weld requirements, due to a weld failure. Ex-
amples of weld failure are (relative large) inclusions within the weld, or cracking of the weld during
or after the weld process. If a failure is found, the choice can be made to perform a weld repair pro-
cedure to remove the weld defect and repair weld the removed section. Whether a repair weld can
be made can depend on the location and the nature of the defect [94].

Once the choice is made to perform a weld repair procedure, the weld defect has to be removed from
the weld. The material removal is commonly performed by a grinding, gouging or a combination
of these processes [95]. The grinding process is performed by either an abrasive or non-abrasive
machining process. An abrasive machining process makes use of an abrasive medium to remove
material, for example a disc grinder. The abrasive material which separates from the disc wheel
during grinding may contaminate the welded material and should be cleaned thoroughly.

An example of a non-abrasive method is using a burr-grinder. The grinder head may have shape
which helps with the desired shape of the welded section, making for example a groove of a U-shape.

Gouging or arc gouging is the removal of material by forming a small molten metal pool and
removing the liquid metal by use of a gas stream. This process introduces relative large amount of
heat in the surrounding material. One should take care of this added heat since it can change ma-
terial properties of the surround material. The formed relative rough edge and slag of the gouging
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process can be removed by use of a grinding process after the gouging process, to ensure a smooth
finish. [40, 95, 96].

After material removal, the created weld groove is thoroughly cleaned. The groove and surrounding
material is checked by use of NDT to ensure that the defect is completely removed and no additional
defects have occurred due to the removal process [94]. Once checked, the groove is welded together
forming a new connection between the material. After repair welding the weld is again checked by
use of NDT, to determine whether the weld qualifies for the weld requirement.

7.2. Experiment

7.2.1. Material Removal Procedure

For the repair procedure experiment the same specimen used for the welding procedure, described
in Chapter 4, will be used. As described in Section 4.4, a weld defect was (without intention) created
due to a welding malfunction.

The repair procedure is located at the previously describe defect of the weld. Removal start at about
15 mm from the beginning of the weld, to prevent the possibility of separation of the two welded
plates due to residual stresses in the weld. The removed groove is of 2 mm depth, half the depth
of the plate (see Figure 7.1). The length of the removed material is half length of the weld, approxi-
mately 125 mm (see Figure 7.2).

6.4 mm , Steel plate

2 mm .
4 mm + ¢
2 mm E

| Ceramic

5mm Backing

o

25mm

Figure 7.1: The geometry of the removed section. The location of the V-shape butt weld of the
initial weld is shown for reference.

A controlled manner of material removal was achieved by use of a milling process (see Figure
7.3). Width and depth can be accurately controlled which ensures constant geometry of the re-
moved gap. Furthermore, the milling process can be performed relatively slow, such that generation
of heat, can be mitigated.

First the weld cap was removed, after which the weld was removed. Two end-mills (flat bottomed
cutters) of 17.5 and 6.4 mm diameter were used respectively. Each removal was performed as one
continuous milling process at a continuous speed of approximately 1 mm/s.
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Figure 7.2: Photo of the removed section of the plates. The initial weld was performed from the
right to left side of the plate.

Figure 7.3: Photo of the removal of the section by the milling process.
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7.2.2. Distortion Measurement Results

Distortion measurement by Digital Image Correlation (DIC) is performed after the removal process.
DIC measurement have been made similar to the condition of measurement as describe in Section
4.4.3. The relative distortion due to removal of weld section can be found in Figure 7.4 and Figure
7.5. The measurement is relative to the distortion after the initial weld.

The distortion results show a relative distortion similar to the negative direction of the (buckling)
distortion of the initial weld experiment, see section 6.6.3. Due to this shape of distortion, follow-
ing the negative buckling curve, the distortion initiated through the removal of the weld material is
likely to have a relaxing effect on the stresses which causes the buckling behaviour. These stresses
are of compressive nature in the longitudinal direction [43].
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Figure 7.4: DIC distortion results after weld removal. Please note that the displaced is relative
to the distorted plate, after welding.
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Figure 7.5: DIC distortion results after weld removal. Please note that the displaced is relative
to the distorted plate, after weld removal. The results are shown of the outer most edge of the
distorted plates, the outer lower edge on Figure 7.4.
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7.3. Simulation

The simulation of material removal can be performed in multiple ways, varying from a detailed to a
more general approach. An example of a detailed simulation is the simulation of the mechanical in-
teraction between material and removal tool. The fine tearing and cutting process can be modelled,
including local effects which appen during the process [97, 98]. Another example is the simulation
of the induced effects only, for example with large surface material removal [99, 100]. A large sur-
face material removal process can be simulated, by use of relative simple element de-activation.
The heat induced by the process can be simulated by applying a heat flux. Which level of accuracy
regarding the simulation is needed depends on the used removal process and the desired informa-
tion of the simulation.

In this thesis material removal is simulated by a general approach: by element de-activation only.
This is possible due to the chosen way of removal in the experiment. Since effects like heat genera-
tion during the removal process was kept to a minimum by using the milling process, it is assumed
that de-activation of element is sufficient to simulate the weld removal.

7.3.1. Simulation Approach

The de-activation of the element is performed by using the model change function within the Abaqus
environment [63]. The model change function allows the user to remove segments of the model,
similar to the birth-and-death activation of element as discussed in Section 5.2.1. Abaqus will cal-
culate the re-distribution of stresses within the model to find a new equilibrium stress state.

In the model, first the weld cap was removed after which the weld itself was partially removed at
a depth of 2 mm in the material and a total width of 6.4 mm, similar to the experiment (see Figure
7.1).

7.3.2. Simulation Results and Experiment Comparison

Simulation results can be found in Figure 7.7, for comparative reason the relative distortion of the
removal procedure is presented. Simulation and experimental results show a clear and significant
difference, a maximum difference of 0.35 mm is found an approximate 100% difference in results.
The experiment shows a concave shape downwards, while the simulation presents a convex shaped
distortion.

As discussed in Section 7.2.1 the distortion of the experiment results may be because of relaxation
of stress which induce the buckling shape. This would mean that some stresses where created in the
faulty section. A stress where it was assumed zero in the initial weld simulation.

As an example, the same material removal procedure in the simulation is applied to the welded
part of the plates (see Figure 7.6). At this location normal weld condition were simulated introduc-
ing high stresses in the material. Similar to the initial material removal, the weld is removed from
the end of the initial weld until the midsection. Again the cap and half depth of the weld is removed
with a total width of 6.4 mm. Distortion results can be found in Figure 7.7. A clear similarly shaped
distortion pattern can be seen, resembling the distortion measured after the experiment. The dif-
ference between experiment and model results is a maximum of 0.25 mm, an approximate 63%
difference compared to experimental results.
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Figure 7.6: Removed section of the experiment and the removed section of the trial simulation.
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Figure 7.7: Experimental (blue, convex), simulation results of the experiment (orange, con-
cave) and simulation of a example trial simulation, removing the (normally) welded section in
the simulation (gray, convex). The trial simulation shows a similar pattern, compared to the
experimental results. Both follow the negative shape of the during welding formed buckling
shape.
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Stress Distribution Change

In Figure 7.10 and Figure 7.9 show stresses over a longitudinal line at the bottom of the plate near the
weld, and a transverse line at the middle location of the removed section, at the bottom of the plate.
In Figure 7.9 stresses are shown on a transverse line just after the start point of the weld. Noticeable
in the longitudinal stresses in the figure near the weld show a clear shift of stresses towards a more
compressive stress state.
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Figure 7.8: The three locations of the shown stress distribution. One longitudinal line, two
transverse lines at about 62.5 mm for the experimental removal simulation and approximately
—62.5 mm for the example model simulation.
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Figure 7.9: Transverse distribution of stresses near the start point of the weld, approximately
at the midsection of the removed material section.

Figure 7.11 presents the transverse distribution of stresses at the location of the midsection of re-
moved part. The local effect of the removal on the stress distribution does not seem to have a signif-
icant influence, especially when compare with Figure 7.9. This may be because of the more plastic
regions surrounding the material at the weld due to the welding process, compared to the location
close to the start point of Figure 7.9.
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Figure 7.10: Longitudinal distribution of stresses near the weld, at the bottom of the plate.
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Figure 7.11: Transverse distribution of stresses at the removed part of the example model, ap-
proximately at 2/3 of the weld length.

7.4. Chapter Summary

In this Chapter the experimental approach and results of the material removal process of the weld
are presented. A section of the weld is removed using a milling process, which is a relative slow and
gradual removal process. Therefore, the heat effects due to the removal process are assumed to be
negligible Distortion measurement after removal by DIC are presented, showing a decrease of the
total buckling curve of the distorted plates.

A simulation approach is presented, using the material change function of the Abaqus software.
Simulation results of the material removal does not show comparable results with the distortion
data retrieved from the experiment. An additional simulation is performed to verify the assumption
of the zero stress state in the first faulty weld section, made earlier in the modelling of the initial
weld. As a result it is shown that this assumption was of significant important to the simulation
result, causing simulation results which were not comparable with experiment results. And lastly,
stress distributions before and after the removal process are shown, to verify that indeed a changes
of residual stress occurs once the material is removed.



Repair Weld Experiment

In Chapter 7 the experiment and simulation of the partial removal of the weld, which resembles the
crack removal of a repair procedure, is discussed. The last step in the repair procedure experiment
is execution of the weld repair. Experiment results are discussed in this chapter.

8.1. Welding Specification
The repair weld is performed on the removed section of the weld (see Section 7.2). The removed
groove is of a rectangular shape, with a depth of 2 mm and a total width of 6.4 mm (see Figure 8.1).

6.4 mm
D e 4 - Steel plate
— 7 -
2 mm /
4 mm E
2mm
T —
| Ceramic
5mm Backing
,L
L ]
1 L
25 mm

Figure 8.1: The geometry of the repair weld.

Other specifications of the weld are similar as the initial weld (see Section 4.3). Table 8.1 presents
an overview of the used welding parameters.

8.1.1. Constrainment
As discussed in Section 4.3.1, the clamping set-up was designed to keep the specimen clamped
during the whole repair weld procedure. Thus, the clamping set-up of the specimen is not altered.

8.2. Welding Power Measurement
The welding power was automatically determined by the welding power source. The input parame-
ter for the GMAW power source were the the wire diameter and wire feed speed.
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Table 8.1: Overview of the welding specification of the repair weld

Steel Grade S700MC

Workpiece Dimension 250 x 100 x 4 mm3
Welding Process GMAW

Weld Transfer Mode Short-Circuit

Weld Type Repair Weld

Weld Shape Rectangular-shape

Contact Tube to Workpiece Distance 15 mm
Weld Gun Angle 10 °
Shielding Cup to Workpiece Distance 7.5 mm
Wire Bohler UNION NiMoCr

Wire Classification ER100S-G

Wire Diameter 1.2 mm
Wire Feed Speed 5.7 m/min
Shielding Gas 85% Ar - 15% CO2

Shielding Gas Flow Rate 15 L/min

The welding voltage and current measurements were recorded by a Yokogawa DL750 oscilloscope
at a sampling rate of 200 Hz

8.2.1. Welding Power: Voltage and Current

Voltage and current returned from the welding power source is 20.0 V and 233 A, respectively. In
the measurement results a big scatter is observed, typical for Short-Circuit welding since during
weld metal transport the arc short-circuits, causing a drop in voltage (see Figure 8.2). A zoom of
the measurement confirms the Short-Circuit welding [41]. A typical short-, reignition-, arcing- and
extinction-period is observed (see Figure 8.3).

8.2.2. Energy Intervals

The welding energy input of the measured voltage and current is compared with the energy input of
the voltage and current displayed by the welding power source. 4 successive intervals of 5 second are
compared to investigate the differences (see Table 8.2). An average difference of —4.6% was found.

Table 8.2: Overview of welding energy input of 4 successive, 5 second intervals.

Interval [sec] Total Energy - Measurement [Joule] Total Energy - Power Source [Joule] Difference [%]

1.1-5.1 22483 23300 ~=35
5.1-10.1 22220 23300 ~—4.6
10.1-15.1 21961 23300 ~=5.7
15.1-20.1 22254 23300 ~—4.5

Average ~—4.6
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Figure 8.2: Voltage and current measurements during the repair welding process. Measure-
ment was performed at a sample rate of 200 Hz.
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Figure 8.3: Zoom of voltage and current measurements during the repair welding process.
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8.3. Temperature Measurement

Six K-type thermocouples were placed on the bottom surface of the plate (see Figure 8.4). These
measurement locations were chosen to retrieve data in the transverse direction but also longitudinal
direction of the weld. The thermal measurement were recorded by a thermocouple modules in a
Yokogawa DL716 oscilloscope at a data sample rate of 2 Hz.
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Figure 8.4: Location of thermocouples and LVDT during the weld repair experiment.
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8.3.1. Thermal Results

Transient temperature measurement results are presented in Figure 8.5 and Figure 8.6. The first
figure shows the measurement of the thermocouple at the mid section of the repair weld in longitu-
dinal direction. The second figure presents the temperature measurement near the end of the repair
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Figure 8.5: Temperature measurement at half length of the weld repair (see Figure 8.4), at quar-

ter length of the plate
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Figure 8.6: Temperature measurement at full length of the weld repair (see Figure 8.4), at half

length of the plate.
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8.4. Distortion Measurement

8.4.1. LVDT

An LVDT measurement is performed during the repair weld experiment. The measurements were
recorded by a Yokogawa DL716 oscilloscope at a data sample rate of 2 Hz. Results of the transient

distortion caused by the repair weld are found in Figure 8.7. As was discussed in Section 4.4.3, again
the LVDT measurement experience a lot of noise.
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Figure 8.7: LVDT measurement during the repair weld experiment.

As can be seen in the figure, once the weld starts, distortion is increasing. This effect was also
observed in the initial weld LVDT measurement (see Figure 6.9). After the weld has been complete,
a clear drop can found. It is thought that this distortion behaviour is caused by the re-distribution
of residual stress already in the plate due to the initial weld, accompanied by residual stresses due
to the repair weld. A final distortion of an approximate 0.67 mm was measured after cooling.



8.4. Distortion Measurement 87

8.4.2. DIC Measurement

DIC measurement of the plate after repair welding are found in Figure 8.8. Results show that dis-
tortion results occur relative locally, compared to the initial weld DIC results (see Figure 6.19). This
is most likely due to the increased stiffness of the plate after application of the initial weld, and the

location and geometry of the welded groove (see Figure 8.1).
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Figure 8.8: DIC measurement after the repair weld. Distortion shown is the distortion relative
to the distortion after weld removal.

DIC distortion measurement at the location of the LVDT (see Figure 8.4) resu "'ﬁ
0.685 mm, which is in good agreement with the final LVDT distortion results
relative distortions measured by DIC at the outer-edge location of the plate.
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Figure 8.9: DIC distortion results at the edge of the plate, in the longitudinal direction where
the weld was present at the right half of this graph.






Conclusion and Recommendations

A finite element model is specifically created to predict distortions of a welded connection during
an initial welding and a weld reparation. Comparison of experimental results of temperature distri-
bution and distortion to the results obtained from FEM (Finite Element Modelling) model leads to
following conclusions:

At the initial welding stage: the FE (Finite Element) model is able to predict temperature devel-
opment and weld distortions quite accurately. Temperature point measurement results of 10 mm
from the weld centre show a maximum scattering in prediction and the experimental results of the
plate temperature is 30°C at peak temperature.

At 100 mm from the weld centre, maximum scattering in prediction and the experimental results
of the plate deformation after welding is 0.4 mm, which is a deviation of 10% of the total distortion
found in experiment.

At the weld defect removal stage: the FE model shows significant discrepancies when comparing
the predicted distortion results to experimentally obtained results. At a line 100 mm from the weld
the maximum scattering in prediction and the experimental results of the plate deformation is 0.35
mm, which is a deviation of approximately 100% of the total distortion found in experiment.

However, results obtained from the FE model show the same trend of deformation when re-
moval of a normal welded section was performed. At a distance of 100 mm from the weld centre
the maximum scattering in prediction and the experimental results of the plate deformation is 0.25
mm, which is a deviation of approximately 63% of the total distortion found in experiment.

Based on the comparison of FE results and performed experiments at the welding stage, a “cali-
brated” FE model is established to model a weld repair process. The model is calibrated by com-
paring the distortion during the welding which is measured in experiments to fit the experimentally
obtained displacement.

9.1. Thermal Analysis

A thermal analysis due to welding is performed by FEA (Finite Element Analysis) which is used as
input for a thermo-mechanical analysis of the plate distortion. The thermal analysis is performed
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using a Goldak heat distribution model which is applied and calibrated on a 2D FE model, before
being applied on a 3D thermal model. The 2D model is first investigated because it requires less
computation time, it is at least 25 times more efficient (see Table 5.1). Results of the 2D model and
the 3D model show good agreement, when subjected to the same heat source, with the biggest scat-
tering of 150°C at 3 mm from the weld centre. A mesh sensitivity analysis is performed in the weld
vicinity to optimize computation time of the 3D model. The mesh size parallel to the weld is varied
and showed that results are dependent of mesh density, see Figure 6.1. The variation of the temper-
ature is relatively constant at dense mesh of about 600 elements per meter.

Results obtained in 3D model show a good agreement with the experimental results. The biggest
scattering is 30°C obtained at 10 mm from the weld centre (see Figure 6.8).

Only thermal distribution perpendicular to the weld is possible to obtain from the 2D model. Re-
sults of the 3D analysis shows that at 3, 5, 10, 30, 50 and 70 mm distance perpendicular to the weld,
the peak values becomes constant in the midsection of the weld, see Figure 6.25. This means that
the results of 2D analysis in this model correctly predict the temperature peak values in the region
30 mm from the ends of the weld.

9.2. Thermo-mechanical Analysis

Clamps are used to prevent plate deformation during the welding. However, the distortion is ob-
served, in the range of 0.1 mm, after the experiments. This is a clear indication that the mechanical
boundary conditions of the FE model should have a certain displacement stiffness. However, in this
model mechanical boundary conditions are modelled by fixed boundary conditions. From compar-
ison of prediction and experimentally obtained distortion results, a sufficient boundary condition
with matching distortion results was found (see Figures 6.14 and 6.16).

A transient out-of-plane deformation measured by LVDT and prediction during the initial weld-
ing shows the biggest scattering of 0.7 mm, which is a deviation of approximately 60% of the total
distortion found in experiment (see Figure 6.11) at the first 20 seconds of the welding process. After
cooling of the weld, the difference in model and experiment results if reduced to 0.4 mm, which is
approximately 10% of the found experimental distortion results.

Furthermore, a close agreement between surface distortion measurement by DIC (Digital Image
Correlation) and FE results are shown in Figures 6.18 and 6.19. Calliper measurements of the distor-
tion of the plate is maximum 30% bigger than FE results, but show an overall good agreement, see
Figure 6.20.

An element activation was required to model the liquid-to-solid phase transformation of the molten
weld material in the thermo-mechanical analysis, see Section 5.3.1. This activation starts at a 1000°C,
from which a thermal shrinkage is initiated. An influence of this start temperature on the distortion
of the plate is investigated to determine whether it is a potential important factor to consider in the
model. Figure 6.21 has shown that a temperature of 700 degrees or higher, this parameter has no
influence. The fact that the start temperature is not important factor could be explained by the as-
sumed perfect plastic model used in FEA.
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Furthermore, the elements which represent the weld pool only experience shrinkage during a heat
cycle to account for strain reset during liquefaction from solid state of the material, see Section 5.3.7.
This requires a subroutine during the heat analysis which records a database of the weld pool ele-
ment. This database is used in subroutines of the thermo-mechanical analysis to assign this cooling
only behaviour.

Combining the results of the thermal and thermo-mechanical analyses indicates that the FEM model
is able to determine temperatures and weld distortions quite accurately.

9.3. Recommendations
Based on the performed work in this thesis, the following recommendations are made for future
works:

More variation of experimental set-up is necessary to improve validation of the finite element model.
The clamping set-up needs improvement to avoid modelling of stiffness in boundary conditions.

Residual stress measurement is needed to investigate the correlation between residual stress and
distortion. Results of the thesis show that for a defect or faulty weld section, the measurement of
the residual stresses is of great importance.

The relation between the 2D analysis and 3D analysis should be further examined for the heat trans-
fer analysis. A good agreement of 2D and 3D thermal results is found, however in order to draw a
general conclusion, an investigation of more variation in weld configuration is needed.

Temperature-dependent material characteristics should be experimentally established to reduce
uncertainties of the FEA.

FEA of the full weld repair procedure proved to be beyond the scope of this thesis, since FE work
was more time consuming than initially anticipated.
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Material Research

A cross-sectional specimen has been made from the initial single weld, approximately 60 mm from
the weld end point, and at the repaired section of the weld, 60 mm from the start of the weld. Spec-
imens where polish and etched.

A.0.1. Visual Inspection

Macro Photography

For the specimen with the initial weld only, a relative wide HAZ can be observed. This is most likely
due to the relative thin 4 mm plate. A misalignment is visible and at the right side of the weld root
no connection was made between the weld material and the base material.

The repair welded section has larger HAZ compared to the single weld pass specimen. The sec-
ond pass seems to have covered almost all of the previous weld metal. As boundary between the
two weld materials can be found in the root of the weld. The full coverage of the repair weld and
the increase in the total HAZ has most likely to with the thin plate elements. The material is relative
easily fully molten, making the initial weld almost invisible by the repair weld. See Figure A.2. The
difference in weld root is most likely caused due to the misalignment in Figure A.1, there is was rel-
ative harder for the weld metal to reach the bottom of the plate.

A clear line can be observed in both the specimens at half depth of the base material. Grain struc-

ture analysis show no different grain structures at this location. It is assumed the line originates
from the manufacturing process.
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Figure A.1: Cross-sectional specimen of the single pass weld.

Figure A.2: Cross-sectional specimen of the repaired weld.
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Micro Photography
First the single pass specimen is observed. The base material consist out of a fine ferrite structure,

as a results of the thermo-mechanical rolling process (Figure A.3 and A.4). A gradual increase of
grain size is observed and some Bainite structure is found in the Fine Grained Heat Affected Zone
(Figure A.5 and A.6). The Coarse Grained Heat Affected zone show more formation of Bainite and
Widmanstitten ferrite (Figure A.7 and A.8). The weld metal consist of an Acicular Ferrite structure

A.7 and A.8.

100.0pm 100.04m

Figure A.3: The base metal structure (x250) Figure A.4: The base metal structure
(x1000)

e o e S s 2T
100.0pm 100.0um

Figure A.5: Fine grained heat affected zone Figure A.6: Fine grained heat affected zone
(x250) (x1000)
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— —_—
100.0pm 100.0pm:

Figure A.7: Near fusion line coarse grain Figure A.8: Near fusion line coarse grain
structure (x250). structure (x1000).

i R )
100.0pm 100.0pm

Figure A.9: The weld metal (x250). Figure A.10: The weld metal (x1000).
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The second specimen, of the repair section, shows no significant changes compared to the single
pass welded specimen. A fine grained base metal experiences a gradual grain size increase closer
to the weld, forming Bainite structures (Figure A.11, A.12, A.13 and A.14). Closer to the weld in the
Coarse Grained Heat Affected zones sections of Bainite and Widmanstétten ferrite can be found
(Figure A.15 and A.16). The weld metal is of an acicular ferrite structure (Figure A.17 and A.18).

e O N
100.0pm 100.0um

Figure A.11: The base metal structure Figure A.12: The base metal structure
(x250) (x1000)

— _—
100.0pm 100.0um

Figure A.13: Fine grained heat affected zone Figure A.14: Fine grained heat affected zone
(x250) (x1000)
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100.0pm 100.0pm

Figure A.15: Near fusion line coarse grain Figure A.16: Near fusion line coarse grain
structure (x250). structure (x1000).

—— _—
100.0pm 100.0pm

Figure A.17: The weld metal (x250). Figure A.18: The weld metal (x1000).
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A.0.2. Hardness Measurement

In Figures A.19 and A.20 the hardness measurement over distance transverse over the weld can be
found for the single and repaired weld, respective. In both specimen a decrease in hardness can be
observed where the base material transitions into the inter-critical HAZ, due to an increase in grain
size. An increase of hardness can be observed continuing further towards the weld material. This is
most likely due to an increase in presence of the bainite and Widmanstétten structures. An increase
in hardness is observed for the repaired specimen when the weld material is reached.

Microhardness
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Figure A.19: Cross-section single weld with Hardness measurement points.
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Figure A.20: Cross-section repair weld with Hardness measurement points.



Technical Computer Specifications

B.1. PC

These are the specifications of the hardware used to calculate the models in Abaqus. This is pre-
sented so the reader can get an idea of the relation between calculation times and computer perfor-
mance for the models in this thesis.

CPU: Intel i5-4590

GPU: MSI/Nvidia GTX 960 4GB

RAM: 16 GB

HDD: Models and results were saved on a normal 7200 RPM 1TB Harddisk, also during calcu-
lation. Abaqus was installed on a 250GB SSD.

B.2. Software

An overview of what software has been used:
* Abaqus 6.14-1
¢ Visual Studio 2013 (Windows 10) Visual Studio 2010 (Windows 7)

e Intel Parallel Studio XE 2015 (Used for Fortran Subroutine in Abaqus, this software is a addi-
tion to Visual Studio, therefore Visual Studio has to be installed first)

 Linking the Fortran Compiler with Abaqus:
The following video has provided a clear description for the linkage of the Fortran Compiler
provided by the Intel Parallel Studio software with the Abaqus Software: https://youtu.
be/ynZYVIMIFmQ

One has to install the following software, to ensure that all the needed library files are present:
- Microsoft HPC Package
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B.3. Tips and Recommendation for running analyses

The following tips and recommendation are used in this thesis to make general calculations and
workflow more efficient, and easy. Implementation of these points are not critical for calculation
purposes, there are other ways to find solutions. But implementation will mean a more efficient
and quick workflow using Abaqus.

* Disable Windows Resource Exhaustion Detection and Resolution
For large computations where a percentage of memory is continuously used (>90%) for a long
time, the Windows Operating System may terminate your computation, or rather the whole
Abaqus Environment. To prevent this from happening, it is advised to disable "Windows Re-
source Exhaustion Detection and Resolution’ To disable, follow the following steps [101]:

Click Start — Click Search Box — Type gpedit.msc and press Enter — the Local Group
Policy Editor will open.

In the Navigation Tree: Expand Computer Configuration — Expand Administrative
Templates — Expand System — Expand Troubleshooting and Diagnostics — Click Win-
dows Resource Exhaustion Detection and Resolution

In the Console Pane: Right-Click Configure Scenario Execution Level and Click Edit

In the Configure Scenario Execution Level pane: Click Disabled to disable the resource
exhaustion detection — Click OK

Please Note, when disabled, the system will no longer detect 'memory leak’ situations within
the Windows Environment; not only Abaqus related processes. Therefore, this function needs
to be used with caution.

¢ Automatically Running Multiple Analyses Sequentially
Running multiple analyses sequentially may be required when a large amount of different
analyses have to be run, for example for analyses with different parameters each. By run-
ning the analyses automatically and sequentially, no monitoring of job completion is needed,
improving calculation and general working efficiency. Abaqus allows to run a Python based
script, where jobs can be submitted for calculation. The following Python script can be used
to submit multiple jobs in sequence:

from job import =

mdb. jobs[’'FirstInputFileName’].submit (consistencyChecking=off)
mdb. jobs[’'FirstInputFileName’ ] .waitForCompletion ()

mdb. jobs [’ SecondInputFileName’ ] .submit (consistencyChecking=off

)
mdb. jobs [’ SecondInputFileName’ ] .waitForCompletion ()

etc.

mdb. jobs [’ LastInputFileName’ ] .submit (consistencyChecking=off)
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where the name between the brackets: mdb.jobs[***] is the input file (.inp) name of the job.
The input file has to be created before the script is started. This is done by Right-Click of a job
in the Abaqus CAE and Click Write Input. The .submit(consistencyChecking=off) instance will
submit the job it is connected to for analysis. The .waitForCompletion() instance will hold the
script until the current job is either completed, aborted or terminated. When the instance of
.waitForCompletion() is not called, all the specified jobs will be submitted, running them in
parallel. Please Note, while running the Python script within the Abaqus CAE Environment,
no access to the Abaqus CAE is possible. Access will continue once the Python script has been
fully executed. This is especially relevant when using the .waitForCompletion() instance; this
will hold the Abaqus CAE into the execution of the Python script. Effectively this will mean
you cannot use the Abaqus CAE until the last job of the Python script is submitted.

The Python script can be written in a simple text editor as NotePad and saved as a .py file.
This file can be run in the Abaqus CAE by: Clicking File in the Menu Bar — Click Run Script...
— and Choose the appropriate Python (.py) file.






Abaqus Fortran Subroutines

This chapter discusses the Fortran language and code used in this thesis for the subroutine. First
several problems regarding Fortran are explained. Problems which are regarded time consuming by

the writer, and assumed useful to know for first time Abaqus (in combination with Fortran) users.
The used subroutines are shown and explained by use of several flowcharts. This will give the reader
a quick overview of how the code is constructed.

C.1. Abaqus Fortran

¢ Implementation of Fortan with Abaqus

To implement Abaqus with Fortran, a separate Fortran Compiler is used. This compiler is
used to send the subroutine and return a value. A coupling has to be made between Abaqus
and the compiler in the target location of the Abaqus Shortcuts. For more information please
check the following sources: [102-104].

Share Data between Increments of the Analysis

To share data between integration points, the User Dependent State Variable is available within
the subroutine environment. This array allows the transfer of variables between increment.

The State Variable is specified by using the STATEV(*) array, where the asterisk indicates the

array index number. Not all subroutines support the use of the state variable, whether it can

be used can be checked in the Abaqus Subroutines Reference Manual [63].

Multi-core File Read/Write and Data Sharing

Errors may occur in multi-core processing when using an Abaqus subroutine when you try to
read a file in a subroutine and safe the values in a global variable. Errors may occur due to the
parallel read out of the file, sharing read values between parallel subroutines calls.

To prevent multi-core data share problems, one can refer to OpenMP or MPI [63] implemen-
tation. By implementing either into the Fortran code, one can allocate different problems to
different processor threads, giving you more control over which core does what. Another solu-
tion is to use the Fortran Common Block. This common block allows for an allocated amount
of memory to be globally available for the subroutines. During implementation of the com-
mon block, it was found that a built up of memory occurred, which eventually resulted in a
failure due to inadequate amount of memory available. Commonly, the use of the common
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block is discouraged, due to its many possibilities of failure [105]. A working solution was
found in allocatable arrays [63]. These arrays can be saved globally and is accessible for any
subroutine and safe access during a multi-threaded process is guaranteed.

To prevent read problems during multi-core calculation, the User Defined External Database
subroutine (UEXTERNALDB) can be used [63]. The subroutine can be used to set up a database
before or after an analysis, increment or step starts or ends. This process is a single core cal-
culation, so safe read or write conditions to a file is guaranteed. The data can be saved in a
globally available parameter, sharing the information between the subroutines.

* Fortran Abaqus Trouble Shooting

When a problem occurs within the subroutine environment Abaqus will abort the current job
and give an error message in the Message Area of the Abaqus CAE. But no error codes are
given regarding what fault has been located within the Fortran Compiler. Error Messages are
printed in the .log-file of the job with the similar name. In this .log-file the errors occur which
the Fortran Compiler has discovered and code errors can consequently be located. Also useful
for trouble shooting is displaying values. When using WRITE (*,*) ’Any string here’, a string or
value can be written to the same .log file, making the coding in Fortran together with Abaqus
easier to trouble shoot.

C.2. Heat Analysis Subroutines

This section explains all the subroutines used in the thermal or heat analyses using a Goldak shape
heat density distribution.

C.2.1. Abaqus USDFLD-Subroutine

The User Defined Field Variable (USDFLD) subroutine is used to specify field variables which in turn
correspond with a certain material property [63]. Tabulated data in the material property property
section is interpolated between the values of the specified field variable distribution, see Chapter
5.3.4. Using this subroutine, material properties can be made solution dependent.

During the heat analysis this subroutine is used to read the element temperature data, since the
critical heat analysis subroutine, the DFLUX-subroutine, does not allow for temperature data to be
read. Temperature data of elements within a certain coordinate box surrounding the weldpool are
read out and saved once the element has reached a temperature above a certain predefined thresh-
old. In this example subroutine, the final parameters used in the analyses are not presented and
most likely are different than the parameters presented in this thesis. First the flowchart is shown,
than the code itself.
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USDFLD

Is the
Element
Located in the
Bounding
Box?,

A 4

END USDFLD

Element NOT
labeled as
‘Checked’?,

Temperature
greater or equal than
the liquefaction
temperature?

Write Element
Number to File

Flagged as
‘Checked’
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SUBROUTINE USDFLD (FIELD, STATEV,PNEWDT,DIRECT, T, CELENT,
1 TIME,DTIME, CMNAME, ORNAME, NFIELD, NSTATV,NOEL, NPT,

2 LAYER,KSPT,KSTEP,KINC,NDI, NSHR, COORD, JMAC, JMATYP,

3 MATLAYO, LACCFLA)

C

INCLUDE ’ABA_PARAM.INC’
C

CHARACTER*80 CMNAME, ORNAME

CHARACTER*3 FLGRAY (15)

DIMENSION FIELD (NFIELD), STATEV (NSTATV),DIRECT (3, 3),

1 T(3,3),TIME(2)

DIMENSION ARRAY (15), JARRAY (15), JMAC (%), JMATYP (x), COORD (*)
C | === =———== =———== B T T T

XX = COORD (2) !Transverse Coordinate of the Element.

! Heat Flux and Element coordinates are used to define a box

surrounding

! the Heat flux, making the analysis more efficient.

IF(xx .LE. (0.005) .AND. xx .GE. (-0.005)) THEN

ZZ = COORD (1) ! Longitudinal Coordinate of the
Element.

fLL = 0.005«TIME (1) - 0.044 ! Longitudinal Coordinate of Heat
Flux.

ffLL = fLL + 0.015 ! Distance in front of Heat Flux
Coord.

rfLL = fLL - 0.025 ! Distance behind Heat Flux
Coordinate.

IF(zz .LE. ffLL .AND. zz .GE. rflLL) THEN
IF (STATEV (1) .NE. (1.0)) THEN
softTemp = 1480.0 ! Softening Temperature for
Material

! [degree Celsius]

'!A CALL is made to retrieve current Temperature data of the

element.

CALL GETVRM (' TEMP’ , ARRAY, JARRAY, FLGRAY, JRCD, JMAC, JMATYP,

1 MATLAYO, LACCFLA)

curTemp = ARRAY (1) !'The current temperature is saved
as

!'curTemp

! If the softening Temperature has been exceeded, the element
is
! flagged by setting State Variable equal to 1.0
IF (curTemp .GE. softTemp) THEN
! The specific element number is saved in the analysis .log
file.
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! To be used in the mechanical analysis.
WRITE (%, " (I5)") NOEL
STATEV (1) =1.0
ENDIF
ENDIF
ENDIF
ENDIF

RETURN
END

C.2.2. Abaqus DFLUX-Subroutine

The Distributed Flux (DFLUX) subroutine allows the user to define a non-uniform heat fluxin a heat
transfer analysis [63]. In this example subroutine, the final parameters used in the analyses are not
presented and most likely are different than the parameters presented in this thesis. See Chapter
5.1.2 for an explanation of the Goldak heat distribution. See Chapter 6.1 for the used parameters in
this thesis. No Flow Chart of the code is presented due to the relative clear code (adopted from Gao

[81).

SUBROUTINE DFLUX (FLUX, SOL, JSTEP, JINC, TIME, NOEL, NPT, COORDS,
1 JLTYP, TEMP, PRESS, SNAME)

¢

INCLUDE ’ABA_PARAM.INC’

C

DIMENSION FLUX(2),TIME (2),COORDS (3)

CHARACTER+80 SNAME

pi = 3.14159 !Define Pi

FLUX (1) = 0 !To be sure the Flux is zero to start with

I = 170.0 !'Welding Current [A]

Vo = 22.1 !'Welding Voltage [V]

eff = 0.5221 'Welding Power Efficiency [—]

Q = IxVoxeff 'Welding Power Input [Watt]

v = 0.005 'Welding Speed [m/s]

st = -0.010 !Starting Point relative to Origin of
moving

laxis. Minus is backwards, Positive

forwards. [m]

X = COORDS (1) !x—axis coordinate of element. Transverse.

y = COORDS (2) ly—axis coordinate of element. Out-of-
Plane.

z = COORDS (3) !z—axis coordinate of element.

Longitudinal.




118 C. Abaqus Fortran Subroutines

t = TIME (1) !Current Time [sec]
a = 0.003 !Goldak shape parameter x—-axis [m]
b = 0.005 !Goldak shape parameter y-axis [m]

IF(z.ge. (vxt+st)) THEN !Front Flux Heat Distribution

cf = 0.003 !Goldak shape parameter z-axis, Front [m]
ff = 0.6 !Fraction of Power in Front [-]

ef = exp (=3* ((x/a)**2+ (y/b) x*2+ ((z-vxt—-st) /cf) x*x2))

FLUX(1)= ((6*sqgrt (3.0)«Q+ff)/ (a*bxcf* (pi*sqrt (pi)))) *xef
ENDIF

IF(z.le. (v+«t+st)) THEN !Rear Flux Heat Distribution

cr = 0.006 !Goldak shape parameter z-axis, Rear [m]
fr = 1.4 !Fraction of Power in Rear [-—]
er = exp (=3* ((x/a) **x2+ (y/b) x*2+ ((z—vrt—st) /cr) xx2))
FLUX (1)= ((6%sgrt (3.0)*Qxfr)/ (a*b*cr* (pixsqrt (pi)))) *xer
ENDIF
C ! ==== ==== ==== ==== ======
RETURN

END SUBROUTINE DFLUX
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C.3. Mechanical Analysis Subroutines

This section explains the coding used during the Mechanical Analysis of the welding simulation.

C.3.1. Abaqus USDFLD-Subroutine

The USDFLD-subroutine is used during the mechanical analysis to perform the following four func-
tions: checks which elements melt during the analysis, keeps track of which element is heating or
cooling, keeps track of the temperature to activate thermal expansion and allocates user defined
material properties. First a flow chart is present, after which the code is presented. In this example
subroutine, the final parameters used in the analyses are not presented and most likely are different
than the parameters presented in this thesis.

USDFLD

Flagged as
normal Element NOT been

element flagged?

Around
the Weld

Element NOT
cooling?

Flagged as

—— ; :
i of Melting ‘melting’ gmperature
List Set-up by Elements? alement higher than
UEXTERNALDB- 600 °C?
subroutine

Element
flagged as
Will Element ‘Heated Up’

melt AND is not part of
tack-weld? OR is the Material
element filler Properties at
material? softening
temperature
are applied

Is
Element
heated up?

Element
flagged as
‘Cooling
Down’
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Temperature
lower or equal to Shrinkage
activation
temperature?

Element
labeled as
‘Shrinking’

Element
‘Cooling Down’? OR part
of tack-weld? OR

‘Shrinking’?
Material

Properties of
current
temperature
are applied
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SUBROUTINE USDFLD (FIELD, STATEV, PNEWDT, DIRECT, T, CELENT,
1 TIME,DTIME, CMNAME, ORNAME, NFIELD,NSTATV,NOEL, NPT,

2 LAYER,KSPT,KSTEP,KINC,NDI,NSHR, COORD, JMAC, JMATYP,

3 MATLAYO, LACCFLA)

INCLUDE ’'ABA_PARAM.INC’
#INCLUDE <SMAAspUserSubroutines.hdr> ! Needed to Read Data loaded in
! UEXTERNALDB-subroutine.

C
CHARACTER*80 CMNAME, ORNAME
CHARACTER*3 FLGRAY (15)
DIMENSION FIELD (NFIELD), STATEV (NSTATV),DIRECT (3, 3),
1 T(3,3),TIME(2)
DIMENSION ARRAY (15),JARRAY (15),JMAC (*), IJMATYP (), COORD (*)
INTEGER i, dowh ! Initiate integers i1 and dowh
INTEGER ar (100000) ! Initiate integer array ar()
POINTER (ptra, ar) ! POINTER needed for shared memory
! allocation
C |
softTemp = 2000.0 !Softening Temperature for
Material
! [degree Celsius]
actvTemp = 1000.0 ! Shrinkage activation temperature
! [degree Celsius]
CALL GETVRM (’ TEMP’, ARRAY, JARRAY, FLGRAY, JRCD, JMAC, JMATYP,
1 MATLAYO, LACCFLA) ' A CALL is made to retrieve
current
! Temperature data of the element.
curTemp = ARRAY (1) ! Current Temperature is saved as
curTemp
C !'The following if-statement will determine whether the element
C 'has reached certain condition. Allocating State-Variable STATEV
(1)
C laccordingly.
IF (STATEV (1) .EQ. (0.0)) THEN ! Check whether element already '
flagged’
STATEV (1) = 2.0 ! Set equal to 2.0 (State Variable
1), as

! start (normal element)

! Within the specified coordinates, elements are checked to have
molten

! using data from UEXTERNALDB-subroutine data.

! When is element is in the data, flagged with a 1.0 in State
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Variable 1.

IF (COORD (2) .GE. (-0.005) .AND. COORD(2) .LE. (0.005)) THEN
dowh =0
i =1

ptra = SMAIntArrayAccess (1)
DO WHILE (dowh == 0)
IF(ar(i) .EQ. NOEL) THEN
STATEV (1) =1.0
dowh =1
ELSE IF((ar(i) .EQ. (-1)) .OR. (ar(i) .EQ. (0))) THEN
dowh =1
ELSE
i =i+ 1
ENDIF
END DO
ENDIF
ENDIF

C ! According to the allocated STATEV(l), element material behaviour
will be
C ! set. Weld Metal (to be deposited), molten base material and not
molten
C ! base material.

!' If material is weldpool but not the tack weld
IF((STATEV (1) .EQ. (1.0) .AND. CMNAME .NE. ’'TACK’) .OR. CMNAME .EQ
"MAT-WELD’) THEN
IF (STATEV(3) .NE. (12.5)) THEN ! Element not yet shrinking! Not
cooling
! nor uexpan active.
IF (curTemp .GT. (600.0)) THEN ! Extra check for low temperature

! shrinkage.
STATEV (3) = 23.0 ! Flag: Element is heating up.
ENDIF
prevTemp = STATEV (2) ! Last known temperature data is
prevTemp.
FIELD (1) = softTemp ! Current (softened) material
properties
! are applied.
STATEV (2) = curTemp ! Current known temperature is
loaded, to
! be used in next step for
prevTemp.
IF (STATEV (3) .EQ. (23.0)) THEN ! If element is heating up.
IF (prevTemp .GT. curTemp) THEN ! If previous temperature is
higher than
! current temperature (= cooling

).

STATEV (3) 12.5 ! Flag: Element is cooling
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ENDIF
ENDIF
ENDIF
ENDIF

.EQ.
.LT.

IF (STATEV (3)
IF (curTemp

(12.5))
actvTemp)
been

STATEV (3) 6.25

is

ENDIF
ENDIF

THEN

! If element is cooling.
THEN ! If activation temperature has

! reached during cooling.
! Flag: Shrinkage/Thermal Strain

! activated in UEXPAN-subroutine.

! Normal/current Temperature material properties are applied for

cooling
! and tack weld elements.
IF ( (STATEV (3) .EOQ.

(3) .EQ. (6.25))) THEN

RETURN
END

(12.5))

.OR. (CMNAME .EQ. "TACK’) .OR. (STATEV

C.3.2. Abaqus UEXPAN-Subroutine

The UEXPAN-subroutine defines the thermal expansion behaviour of an element. In this model,
thermal expansion is active unless the element is part of the weld pool. If it is part of the weldpool,
thermal expansion is only activated during the cooling process. The USDFLD-subroutine tracks
when the thermal expansion has to be activated, based on the current temperature of the element.
First a flow chart is present, after which the code is presented. In this example subroutine, the final
parameters used in the analyses are not presented and most likely are different than the parameters

presented in this thesis.
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Alpha at the current

temperature is
determined from

Element
As labeled by flagged as Thermal

USDFLD- ‘Melting’? OR is Expansion is

subroutine element filler in-active
material?

Thermal

o As labeled
Expansion is Element labeled by USDFLD-
al;;t{:v*e:d_r as ‘Shrinking’? subroutine

END UEXPAN
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Q

Q

SUBROUTINE UEXPAN (EXPAN, DEXPANDT, TEMP, TIME, DTIME, PREDEF,
1 DPRED, STATEV, CMNAME, NSTATV, NOEL)

INCLUDE ’"ABA_PARAM.INC’

DIMENSION EXPAN (x),DEXPANDT (%), TEMP (2), TIME (2) , PREDEF (%),
1 DPRED (%), STATEV (NSTATV)
CHARACTER*80 CMNAME

! Interpolation of Thermal Expansion Coeff. Values
! Thermal Expansion Values for S700MC [1/K]

IF(TEMP (1) .1le. (16.0)) THEN

alpha_1 = 0.0000139
ELSEIF (TEMP (1) .gt. (16.0) .AND. TEMP (1) .le. (353.0)) THEN
tl = 16.0

al = 0.0000139

t2 = 353.0

a2 = 0.0000144

alpha_1 = al+ (TEMP (1) -tl)* (a2-al)/ (t2-tl)
ELSEIF (TEMP (1) .gt. (353.0) .AND. TEMP (1) .le. (617.0)) THEN
tl = 353.0

al 0.0000144

t2 617.0

a2z = 0.0000161

alpha_ 1 = al+(TEMP (1) -tl)* (a2-al)/ (t2-tl)
ELSEIF (TEMP (1) .gt. (617.0) .AND. TEMP (1) .le. (805.0)) THEN
tl = 617.0

al 0.0000161

t2 805.0

a2 0.000014

alpha_1 = al+ (TEMP (1)-tl) x(a2-al)/ (t2-t1)
ELSE
alpha_1 = 0.000014
ENDIF
! Here the condition of when to apply thermal strain are set
! TempTrans should be the same as thermal analysis output!
! If element is 'molten’ or element is added weld material
IF (STATEV(l) .EQ. (1.0) .OR. CMNAME .EQ. "MAT-WELD’) THEN
EXPAN(1) = 0.0 ! Expansion is not present
IF(STATEV(3) .EQ. (6.25)) THEN ! 'Flag’ received from the USDFLD-
! subroutine, to activate
shrinkage.
EXPAN (1) = alpha_1xTEMP (2) ! Thermal expansion: alpha » dT
ENDIF
ELSE
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EXPAN (1) = alpha_1+TEMP (2) ! Thermal expansion: alpha » dT
ENDIF

RETURN
END

C.3.3. Abaqus UEXTERNALDB-Subroutine

The UEXTERNALDB-subroutine allows for a single-cored process at, for example, the beginning
of an analysis step. In this model the UEXTERNALDB-subroutine is used to read out the data-file
made by the heat analysis at the beginning of the analysis. First a flow chart is present, after which
the code is presented. In this example subroutine, the final parameters used in the analyses are not
presented and most likely are different than the parameters presented in this thesis.

USDFLD

Is the
Element
Located in the
Bounding
Box?

Element NOT
labeled as
‘Checked’?

Temperature
greater or equal than
the liquefaction
temperature?

Write Element
Number to File

\ 4
END USDFLD

Flagged as
‘Checked’
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SUBROUTINE UEXTERNALDB (LOP, LRESTART, TIME,DTIME, KSTEP, KINC)

INCLUDE ’'ABA_PARAM.INC’
#INCLUDE <SMAAspUserSubroutines.hdr> ! Needed to Share Data to other

subroutines.

C
DIMENSION TIME (2)
INTEGER i ! Initiate integer i
INTEGER ar (100000) ! Initiate Integer Array
POINTER (ptra, ar) ! POINTER needed for shared memory
allocation
C = == == = ====
C Is used to initialise at the beginning of the analysis
C a database, read from a file which contains the elements
C which reached a certain specified temperature.
IF(LOP .EQ. 0) THEN ! Checks whether at beginning of the
analysis.

OPEN (UNIT = 8, FILE = "D:\\SIMULIA\\TEMP\\Tom-3D-Heat-Open-Write-
Long.txt") ! Open the list of Element number
which have reach

! the softening Temperature.

! Create a global array with ID=1, SIZE=100000 and INITVAL=-1 (
Initial

! Value)

ptra = SMAIntArrayCreate(1,100000,-1) ! POINTER Data
Specified.

i =1

! This WHILE loop saves the data from the text-file to a global
array.

DO WHILE (ios == 0)

READ (8, (I5)’,I0STAT=i0s) ar (i)
IF (ar (i) .eqg. (0)) THEN
ios =0
ENDIF
i =i+ 1
END DO
CLOSE (UNIT = 8)
ENDIF
C = = ===
RETURN

END







How-to: Heat and Sequential Stress
Analysis

From own experience, it was found that information on how to implement a Heat Transfer and
subsequent Stress analysis in the Abaqus Software environment, was generally lacking. A lot of in-
formation is available from the Abaqus Manuals, but it is not clear for people just starting to work
within Abaqus.

This chapter will provide an explanation on how to perform a basic heat transfer analysis, includ-
ing the use of an user defined subroutine. Furthermore, a procedure will be described of the stress
analysis based on the heat transfer analysis.

D.1. Heat Transfer Analysis

This section provides a procedure to perform a heat transfer analysis within the Abaqus Environ-
ment. All steps have been performed within the Abaqus CAE. Abaqus 6.14 was used for the proce-
dure, the interface may be different when using older or newer versions.

The method used is one of a heat flux thermal analysis. The heat flux represent an energy distri-
bution, where during the analysis the temperature increase, due to the addition of this energy is
determined.

A basic knowledge of Abaqus is assumed, only specific Heat Transfer analysis aspects will be dis-
cussed. Basic functions within the Abaqus CAE, as for example how to make a part, are widely
discussed in literature and can easily be found on the internet.

All the following specified values are giving in SI Units, using meters. As long as specified units
are consistent, any system of measurement is possible, Abaqus does not use predefined unit values.

The heat transfer procedure within Abaqus is as follows:
1. Edit model attributes

129
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* Where:
Menu Bar: Click Model — Click Edit Attributes — Choose your model.
Within the now opened "Edit Model Attributes’ dialog window, see 'Physical Constants’.

¢ Values:

Absolute zero temperature: —273.15 (when using degree Celsius, 0 when using degree
Kelvin)
Stefan-Boltzmann constant: 5.67E — 008

e Why:
The Absolute Zero Temperature attribute has to be set to determine whether the speci-

fied temperatures further in the model are based on degree Kelvin, Celsius or other tem-
perature scales.

The Stefan-Boltzmann constant is needed to calculate the radiation heat losses.
2. Create a Part
 Create the part which will be subjected to the heat flux, any shape is possible.

3. Create Part Mesh
* When meshing the part, elements have to be assigned a different element type than the
default.

e Where: (when in the Mesh Module)
Menu Bar: Click Mesh — Click Element Type.. Within the now opened 'Element Type’
dialog window, see 'Family’.

* Values:
Family: Heat Transfer

e Why:
To let Abaqus know you will going to calculate heat transfer only.

4. Create Material

For a heat transfer analysis using a heat flux the following material properties have to be
defined:

* Density - Under General in 'Edit Material’ dialog box
* Conductivity - Under Thermal in 'Edit Material’ dialog box
* Specific Heat - Under Thermal in 'Edit Material’ dialog box

5. Create Section

* Create the section at which the material can be assigned to.
6. Assign Section

* Assign the section to the appropriate part(s)

7. Create Instance
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* When creating the instance for the model, care should be taken on the location of the
origin of axis system.

e Why:
The origin of the instance corresponds with the coordinates used in the heat flux sub-
routine. It is advised to place the origin in the most convenient way, in such manner
scripting in the subroutine may be reduced.

8. Edit the initial Step

» Create a Predefined Field - Temperature

— Where:
o In the model tree, expand ’'Steps’ and expand 'Initial’.
o Right-click 'Predefined Fields'.
o Click Create... in the dropdown menu.
o In the 'Create Predefined Field’ dialog box, see 'Category’.

o Click the radio button 'Other’.
o Select the "Temperature’ type in "Types for Selected Step’.
— Values:
Distribution: Direct specification
Section variation: Constant through region
Magnitude: The initial temperature of your model, commonly room temperature.
— Why:
By default, Abaqus will used 0 degrees as the initial temperature. This will lead to
a mismatch in temperature measurement when comparing simulation results to
experimental thermal results.

9. Create a new Step

* In the 'Create Step’ dialog box, click the "Heat transfer’ procedure.
¢ Edit the created Step
— Where:
Under the ’Basic’ tab.
— Value:
Time period: The length of your analysis in seconds. This is the time which is simu-

lated. Thus; when a real experiment of 50 seconds long is simulated, 50 seconds (or
more, for analysing the cooling behaviour) should be used.

- Where:
Under the 'Incrementation’ tab.

- Value:
Max. allowable temperature change per increment: set a small enough value, so
AT is not too large. This particularly relevant when using this thermal analysis for a
mechanical analysis.

Choose appropriate 'increment size’ parameters. Which is highly model-dependent.
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10. Edit created Step

¢ Create a Load

— Only thermal loads are possible, select ‘Body heat flux’ in the 'Create Load’ dialog
box.
Select the whole model to apply the load on.
- Values:
Distribution: User-defined
Magnitude: 1
— Why:
This allows for a heat flux distribution using a DFLUX subroutine.
The magnitude is the multiplication factor of the subroutine

¢ Create Interaction

— Convection and Conduction Losses

o Where:
In ’Create Interaction’ dialog box, click 'Surface film condition’.
Select the appropriate surface which the film conditions is applied on.

o Values:
Film coefficient: values suitable for your welding condition and material.
Sink temperature: The reference temperature on which the heat losses will be
calculated, commonly room temperature.

o Why:
Surface film condition represents the heat losses due to convection and/or con-
duction of the surface area. See Section 6.4.

— Radiation Losses

o Where:
In ’Create Interaction’ dialog box, click 'Surface radiation’.
Select the appropriate surface which the radiation is applied on.

© Values:
Emissivity: value suitable for your welding condition and material.
Ambient temperature: The reference temperature on which the heat losses will
be calculated, commonly room temperature.

o Why:
Surface radiation represents the heat losses due to convection and/or conduc-
tion of the surface area. See Section 6.4.

 Edit Field Output Request
— Check the checkboxes: Nodal Temperature (NT) and Element temperature (TEMP)
to output the temperature data sufficiently.

11. Create aJob

e EditJob

— Where:
In the 'Edit Job’ dialog box, see the 'General’ tab.
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— Values:
User subroutine file: insert the location of the fortran-file for the subroutines used.

— Why:
This is how Abaqus knows where the subroutine file is located.

12. Submit and Run the Job

D.2. Sequential Stress Analysis

This section provides a procedure to perform a sequential stress analysis within the Abaqus En-
vironment. All steps have been performed within the Abaqus CAE. Abaqus 6.14 was used for the
procedure, the interface may be different when using older or newer versions.

The method used is one of a stress analysis, which originates from an applied thermal history. A
basic knowledge of Abaqus is assumed, basic functions, as for example how to make a part, are
widely discussed in literature and can easily be found on the internet.

All the following specified values are giving in SI Units, using meters. As long as specified units
are consistent, any system of measurement is possible, Abaqus does not use predefined unit values.

The sequential stress procedure within Abaqus is as follows:

1. Copy the Heat Transfer Model Why:
The parts and most importantly the elements have to be the same numbering in the sequen-
tial stress analysis. This way the correct thermal behaviour can be assigned to the correct
element.

2. Edit Part Mesh

* Where: Similar to Step 3, the Element Type is changed.
See 'Family’ in 'Element Type’ dialog window
* Value: Family: 3D Stress
* Why: Now stresses have to be calculated, so 3D stress elements are needed

3. Create Material

For a stress analysis based on thermal input the following material properties have to be
defined:

e Elastic - Under Mechanical and Elasticity in 'Edit Material’ dialog box
* Plastic- Under Mechanical and Plasticity in 'Edit Material’ dialog box

* Expansion - Under Mechanical in 'Edit Material’ dialog box
4. Create Section

* Create the section at which the material can be assigned to.
5. Assign Section

* Assign the section to the appropriate part(s)
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6. Assign Section

» Assign the section to the appropriate part(s)

7. Re-generate the Instance

8. Create Boundary Conditions

* Create Displacement/Rotation Boundary Conditions in the 'Initial’ Step.

9. Delete Heat Transfer Step and Create New Step

* In the 'Create Step’ dialog box, click the 'Static, General’ procedure.
* Edit the created Step
— Where:

Under the ’Basic’ tab.

— Value:

Time period: Set equal to the length of the heat transfer analysis. Any other number
will results in a difference of time scale, which is no problem for the simulation, but
may be of inconvenience when comparing to transient experimental results.

— Where:

Under the 'Incrementation’ tab
Choose appropriate 'increment size’ parameters. Which is highly model-dependent.

10. Edit created Step

¢ Create New Predefined Field

— Similar to Step 8 of the heat analysis procedure, create new Temperature Predefined

Field.Only thermal loads are possible, select 'Body heat flux’ in the 'Create Load’
dialog box.
Select the whole model to apply the load on.

— Values:

Distribution: From results or output database file

File name: the heat transfer output database file (.odb-file)

Begin step: the step you want to read out, this case: 1 Begin increment: the starting
increment, from the start: 1 End step: the step you want to end on, this case only
step 1 has to be used, so: 1 End increment: the ending increment, in this case we
want to have all the increment of the steps, which corresponds with setting it to: 0

— Why:

This allows the model to read out the thermal history data from the heat transfer
procedure, to calculate the mechanical behaviour due to this temperature distribu-
tion.

¢ Edit Field Output Request

— Check the desired output information for the stress analysis.

11. Create aJob
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 Create the job for the stress analysis, no subroutines required for basic analysis.

12. Submit and Run the Job
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