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ABSTRACT
Today, high performance steel as a construction material is treated as conventional steel in the
European standards. Referring to the Eurocodes, the buckling curves for dimensioning of steel
constructions only presents values up to steel grade S460, meaning that the full potential of high
performance steel is not considered. If the amplitude of the residual stresses in high performance
steel can be confirmed to be smaller than in conventional steel, more slender cross sections could
be obtained when using high performance steel, HPS. One challenge with the residual stress patterns for HPS is its variation obtained in different studies, where new resulting residual stress
patterns are found depending on plate thickness and manufacturing methods for the steel.
Residual stresses in steel are stresses not associated with external forces. The stresses are instead
caused by internal forces, such as differencing temperature. Residual stresses can therefore be
connected to stresses due to welding. Considering HPS, it is distinctive from conventional steel in
the way that it has higher performance in tensile strength, toughness, weldability, corrosion and
cold formability.
This study has been performed by Finite Element Modelling in the software Abaqus and by performing an experiment. The objective of this study was to find residual stress patterns and to compare the results with existing residual stress patterns according to the European Convention for
Constructional Steel (ECCS) and the Swedish handbook for steel constructions provided by Boverket (BSK 07), but also to compare the results with previous studies.
The influence of temperature changes due to welding was studied for a L-section made of steel
S690QL, where only the longitudinal stresses were considered during the research. The numerical
analysis in Abaqus was performed using a DFlux subroutine, which is written in Fortran language.
Furthermore, the analysis was divided into subparts; one heat transfer analysis and two three-dimensional stress analyses for two different boundary conditions, with the purpose of obtaining
results in terms of temperature and stresses for further analysis. The experimental work was performed on three specimens using Gas Metal Arc Welding, where thermocouples and strain gages
were used for measuring temperature and strains respectively.
Conclusions of this study were that the resulting residual stress pattern obtained the experiment
was similar to the stress pattern for a L-section in BSK 07, while the resulting residual stress pattern obtained in the numerical analysis was mostly comparable to ECCS, but with similarities to
BSK 07 and a previous study by Cherenenko & Kennedy (1990). Moreover, the resulting residual
tensile stresses obtained in the study had the same amplitude or lower than what is specified in
BSK 07.
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1 INTRODUCTION
1.1 Background
Residual stress patterns and the amplitude of residual stresses in high performance steel depend on
plate thickness and manufacturing methods. Many studies have been performed within the area
and the resulting residual stress patterns found concluded in previous studies indicates variation
due to the recently mentioned aspects. Today, high performance steel as a construction material is
treated as conventional steel in the European standards. Referring to the Eurocodes, the buckling
curves for dimensioning of steel constructions only presents values up to steel grade S460, meaning that the full potential of high performance steel is not considered. If the amplitude of the residual stresses in high performance steel can be confirmed to be smaller than in conventional steel,
more slender cross sections could be obtained when using high performance steel, HPS.
Residual stresses in steel are stresses not associated with external forces. The stresses are instead
caused by internal forces, such as differencing temperature. Residual stresses can therefore be
connected to stresses due to welding. These types of stresses are always in equilibrium with the
material at any specific position. When welding, the material closest to the heat source expands
while the cooler material, further away from the heat source is restrained. After welding, when the
material is cooling, the material shrinks and as a result tensile stresses are formed. Since residual
stresses are in equilibrium at any specific position, compressive stresses in the surrounding material, around the welding area, are created in order to maintain equilibrium, see Figure 1.1.
(Esfahani, 2016).
High performance steel, HPS, is distinctive from conventional steel in the way that it has higher
performance in tensile strength, toughness, weldability, corrosion and cold formability. HPS has
low levels of carbon which means that it is not as sensitive as conventional steel when it comes to
weldability. (Schröter & Willms, 2016).

Figure 1.1 - Longitudinal residual stresses due to welding of a butt weld. ESDEP Course, (2018)

Conventional high strength steel is strengthened mainly due to a high level of carbon which makes
the material fragile and prone to cracking. Therefore, the material needs to be both pre- and postheated in several cases. High performance steel is strengthened using heat treatment and has a very
low amount of carbon and is therefore not as prone to crack. High performance steel has a really
fine-grained microstructure, as to be seen in Figure 1.2. (Mistry, 2003).

Figure 1.2 - Microstructure in high performance steel. (Schröter & Willms, 2016)

For welding, both the temperature and the welding time has substantial influence on the material
properties of a joint. One remarkable parameter is called t8/5 which is, simply put, the cooling time
from 800°C to 500°C. It depends on the heat input during welding, plate temperature, the geometry
and plate thickness. To obtain a strong weld, it is important to limit the t8/5 with both a lower and
an upper limit. To exceed the upper limit, it would mean acquiring an unproportioned thermal load
due to the welding, which in its turn would weaken the mechanical properties. If t8/5 is below the
limit the material will harden quickly in the area close to the heat input, which in its case can lead
to cracking. The limitations of t8/5 are not constant for all steel strengths or types. For conventional
steel with larger amounts of carbon, it is of importance that the temperature is not too low since it
then is a large risk of cracking. For high performance steel, the temperature can be low, but the
heating time cannot be too long since it will influence the mechanical properties greatly. Therefore,
limitations of t8/5 must be customized for the material to not deteriorate in its mechanical properties
due to welding. The limitations of t8/5 for high performance steel is narrower than for conventional
steel due to its higher yield strength and it is therefore more difficult to reach ultimate strengths in
welds in HPS. (Schröter & Willms, 2016).
Previously, studies on residual stresses in high performance steel performed by Esfahani (2016)
and Liu (2017) have been accomplished, where their results has been fundamental in a comparison
perspective to this study. To be able to analyse, discuss and conclude the outcome of this study,
their obtained results and the references they built their studies upon have been of importance.
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1.2 Objective
Residual stresses due to welding in high performance steel were studied partly by using numerical
analyses in the software Abaqus, and partly by performance of a practical experiment. The objective was to experimentally determine stress patterns and to compare the results from this study
with the existing stress patterns according to ECCS (European Convention for Constructional
Steelwork) and the Swedish handbook for steel constructions provided by Boverket, BSK 07 (Boverkets handbok om stålkonstruktioner), but also to compare the results with previous studies. The
results from the numerical analysis and the results from the practical experiment was also compared to each other. The comparison served as basis in defining future work concerning assessment
methods of welding induced residual stresses in high performance steel. The questions to be answered with this thesis are:


Is a numerical analysis a valid assessment method for measurement of welding induced
residual stresses?



How do the stress patterns obtained during a numerical analysis for a thin plate made of
high performance steel correspond with the existing stress patterns according to ECCS,
BSK 07 and previous studies? Does the amplitude of residual stresses differ for high performance steel?



How do the residual stresses obtained during a practical experiment correspond with the
results obtained in a numerical analysis?



Do different sets of boundary conditions have an impact on the results obtained in a numerical analysis?



Is it possible to obtain valid residual stress measurements using a non-destructive method
such as strain gages? Is it to prefer in front of any other method?



Can recommended t8/5 times be achieved under normal operating conditions?

1.3 Limitations
The research focused partly on a numerical analysis in the software Abaqus, and partly on an
experiment based on Gas Metal Arc Welding (GMAW). The study was performed on one type of
model, which was a L-section made of high performance steel S690QL, and the same type of
model regarding dimensions, steel grade, shape and welding parameters were used in both the
numerical analysis and in the experiment. Limitations set for this study were the following:
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Only the welding method Gas Metal Arc Welding (GMAW) was considered.
The steel quality considered in this research was high performance steel S690QL.
Only the influence of temperature changes due to welding was taken into consideration.
The metallurgy of the steel was not considered during the analysis part of the research.
Only the longitudinal stresses were studied in this research.
The deformations were not analysed during this research other than to determine whether
the obtained values were of probable size.
Phase transformation was not considered in this research.
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2 THEORETICAL BACKGROUND
2.1 High Performance Steel – The material
High performance steel, HPS, is distinctive from conventional steel due to its greater performance
in tensile strength, toughness, weldability, corrosion and cold formability. In comparison to conventional steel, HPS has lower levels of carbon which results in lesser sensitivity in weldability of
the material. HPS is not as prone to cracking as conventional steel as a result of lower carbon levels
and that high performance steel is strengthened using heat treatment. High performance steel has
a very fine-grained microstructure.(Schröter & Willms, 2016)
One advantage of using high performance steel counter to conventional steel is the possibility of
more slender cross sections. When self-weight is the main focus of a structural design, the difference between using HPS and conventional steel can become significant. Furthermore, the increase
of yield strength is greater than the increase of price so if the strength is fully utilized, it can have
economic benefits (Collin, Peter. Johansson, 2006).
S690QL is manufactured using heat treatment, specifically quenching and tempering. The quenching and tempering method means that the material is heated and then rapidly cooled in water, air
or inert gas, for instance nitrogen. The heating temperature and the cooling method is dependent
on the material. The material is quenched to its hardest state and is thereafter tempered to attain
greater capacity in toughness and ductility. The combination of quenching and tempering results
in a hard, tough weldable and ductile material (ShapeCut Steel, 2015). Quenching and tempering
is further explained in chapter 2.1.1.
Conventional high strength steel is strengthened mainly due to high levels of carbon, which makes
the material fragile and prone to cracking. Therefore, the material has to be both pre- and postheated in several cases. The microstructure of conventional steel is very coarse, compared with the
structure of HPS. In Table 2.1, the chemical composition of both S690QL and S355JR are presented. The percentage of carbon is almost 5 percent higher in S355JR than in S690QL. Moreover,
the density of S690QL is larger than the density of S355JR. (Schröter & Willms, 2016).
In this specific study, S690QL is the steel grade which is focused on. Following are an explanation
of the grade designation:





S
690
Q
L

– Structural Steel
– Minimum yield strength (MPa)
– Quenching and Tempering
– Low notch toughness testing temperature
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Table 2.1 – Chemical composition and density of S690QL and S355JR. Azom, (2010) and Periodictable, (2018)

S690QL
Element
C
Si
Mn
P
S
N
B
Cr
Cu
Mo
Nb
Ni
Ti
V
Zr
Iron
Steel density

S355
Percentage [%]

0.20
0.80
1.70
0.00
0.02
0.02
0.01
1.50
0.50
0.70
0.70
0.06
2.00
0.05
0.15
92.16
8.023 g/cm3

0.24
0.55
1.60
0.04
0.04
0.01
0.55
96.98
7.85 g/cm3

Density [g/cm3]
2.26
2.33
7.47
1.82
1.96
1251
2.46
7.19
8.96
10.28
8.57
8.91
4.51
6.11
6.51
7.87

2.1.1 Manufacturing of High Performance Steel
High performance steel is manufactured with quenching and tempering method. Austenitizing is
necessary before quenching is possible. Austenitizing implies that the material is heated to temperatures of 900-960°C, temperatures above the materials critical temperature and is thereafter
heated until the material can be transformed (The Fabricator, 2008). The critical temperature is
727°C, when crystal structure of the steel transforms from ferrite to austenite. Austenite is soft and
ductile, so the material becomes transformable. When the desired form of the material is reached,
it is hardened by quenching. The time rate of which the quenching is performed is critical for the
material not to obtain a soft microstructure. Therefore, the time rate of cooling is accelerated to
not reduce material capacity. The rate has to be fast enough to transform austenite into martensite.
If the materials cooling time is too time-consuming, the austenite transforms into cementite instead
of martensite, a far more brittle material. The cooling process is often completed using oil or water
(Bozidar, 2010). Quenching transforms the cubic austenite into tetragonal, supersaturated with
carbon, martensite (Reed-Hill R, Abbaschian R, 1991). The shear deformations produced by this
shape transformation results in large dislocations in the material which in its turn results in increasing mechanical strength (The Fabricator, 2008). Austenitizing is only necessary before quenching
to obtain a high strength steel.
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The steel obtains a substantially higher tensile strength through quenching. However, tempering
of the material is necessary since the material is far too brittle. Tempering the martensitic microstructure makes is possible to obtain the necessary mechanical properties of the material, both
tensile strength and toughness. Tempering the material implies heating the material whilst not
reaching the materials critical temperature, so that the supersaturation of carbon in the martensite
is reduced. The material is thereafter cooled in air (Easterling, 1992). It increases the material
toughness by two effects – reducing the supersaturation of carbon and the dislocations associated
with the martensite tetragonal form. Depending on the chemical composition of the material, the
tempering temperature differs since the critical temperature differs. Moreover, it is also dependent
on the material thickness. With increasing thickness follows increasing carbon percentage.
(Schröter & Willms, 2016)
In Figure 2.1, a schematic representation of the process of quenching and tempering is further
described.

Figure 2.1 - The process of quenching and tempering, different steel phases. (MDPI, 2018)
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2.2 Common Cutting and Severing Methods
There are different ways to cut a material made of steel. How the steel is manufactured and
cut affects the residual stresses and it should therefore be considered when analysing this
type of stresses. (Boverket, 2007). Following is a list with common cutting methods.


Flame cutting (FC) - A thermo–chemical process used for cutting steel. The process implies
using a heat source of high power together with high purity oxygen to cut the material
(ESAB, 2018).



Universal mill (UM) - The process implies rolling the material by both vertical and horizontal rolls (Texas Iron & Metal, 2018).



Hot-rolling - The steel is rolled at temperatures exceeding 900 °C, the common recrystallisation temperature for steel. Exceeding that temperature, the material is easily shaped and
formed (Metal Supermarkets, 2018).



Water jet cutters, WJC - The WJC cuts the material with a high-pressure jet of water or a
combination of water and an abrasive substance (Waterjets.org, 2018).

2.3 Microstructure and Metallurgy of a Welded Joint
The purpose of a weld is to make two materials to interact on atomic level (Liu, 2017). When the
weld pool (see weld metal in Figure 2.2) has become solidified the welding is completed. The
welding process will affect and change the weld-metal microstructure, and the parameters of interest when talking about changes in microstructure are temperature, welding time, cooling rate,
the carbon percentage of the material and the alloy content (Esfahani, 2016).

Figure 2.2 - Weld area of a fillet weld. Steel Construction, (2012)
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The different zones which constitutes a welded joint is the weld metal, the Heat Affected Zone
(HAZ), which is constituted of the Fusion Zone (FZ) or the fusion line, and the parent material.
Focusing on steel S690QL, the microstructure after welding can be described for each heat affected
zone created: the weld metal, coarse-grain HAZ (CGHAZ), grain-refined HAZ (GRHAZ), partially grain-refined HAZ (PGRHAZ) and the parent metal, see Figure 2.2. (Liu, 2017).

Figure 2.3 - Microstructure of a welded joint (Heat Affected Zones). SSAB, (2016)

According to Esfahani (2016), there is a connection between the heat input and the grain size,
saying that a higher heat input will cause a coarser grain size. The Heat Affected Zone will be fully
affected of the thermal process that occurs when the material is being exposed to welding, which
means that the microstructure will be changed. The microstructure of both HAZ and FZ have an
impact on the final properties of the weld, where a grain structure that is finer will - as an example
- be more resistant to hot cracking.
The weld metal zone, with a peak temperature of Tp ≥ 1500°C, will have a constitution of acicular
ferrite grain. The grain size is of a finer size, and will according to Liu (2017) have good ductility
and toughness, but lack hardness. When speaking about the CGHAZ, austenite with its largersized grains that are high in hardness but not as ductile will occur for peak temperatures 1100°C ≤
Tp < 1500°C (Liu, 2017a). The GRHAZ will for peak temperatures 800°C ≤ Tp < 1000°C grow
fine-sized ferrite grains or fine-sized martensitic grains, meaning that the ductility and toughness
are good (Liu, 2017). The PGRHAZ will for peak temperatures 600°C ≤ Tp < 800°C be constituted
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of tempered sorbate grains and fine-sized martensitic grains. Because of that these grains are nonuniform, the ductility, toughness and hardness will - according to Liu (2017) - also be non-uniform.
The parent metal, with a peak temperature Tp < 600°C, will not be affected by the heat from the
welding and will because of that reason still be constituted of tempered sorbate grains.

2.4

Gas Metal Arc Welding - GMAW

Gas Metal Arc Welding, also commonly called Metal Inert Gas (MIG) is a welding method in
which an electric arc on the welding gun is placed between the wire electrode and the steel part
being welded, see Figure 2.4. GMAW has an advantage in its flexibility because the welding process can - beyond manually - be both automatic and semi-automatic, meaning that less welding
skills are required. A disadvantage of the semi-automatic type of welding is its rather ungainly
equipment that is less portable and in general needs more maintenance than for example Gas Tungsten Arc Welding (GTAW/”TIG”) or Shielded Metal Arc Welding (SMAW/”Stick”).

Figure 2.4 - The method of Gas Metal Arc Welding (GMAW). Welding Website, (2018)

In order to avoid oxidation in the material, GMAW uses shielding gases to protect the atmosphere
around the welding area (Bernard welds, 2018), see Figure 2.5. According to Bernard welds (2018)
the most common gases are argon, helium, carbon dioxide and oxygen, where factors such as weld
properties, the base (parent) material, transfer process etc. are necessary to consider in order to
choose the right gas for the purpose. Another important factor is the welding speed. A commonly
travel speed when using GMAW is 150-200 mm/min (6-10 inches per minute, “ipm”).
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Figure 2.5 - Shielding gas coverage, where the left illustration shows good coverage and the right illustration shows
not as good shielding gas coverage. Bernard welds, (2018)

When using the GMAW method, the molten metal will be transferred from the end of the wire
electrode to the steel part (Haynes International, 2015). This mechanism is called metal transfer
and is important in terms of the weld properties. GMAW can be used with three different modes
of metal transfer and they are short-circuiting transfer, spray transfer and globular transfer.
According to Jerry Mathison (2008) the short-circuiting transfer mode is connected with low weld
heat input because it is low-energy based, meaning that it occurs at the lowest voltage range. The
method is most commonly used when joining thin materials and is being used with wire electrodes
that has small diameters. Unlike the short-circuiting transfer mode, the spray transfer mode is connected with high weld heat input because it is high-energy based and occurs at a high voltage
range. It is more efficient to use this method when welding thick metals. The globular transfer
mode is characterized by its large droplets that are created of molten metal during the welding
process. The energy level will be higher than for the short-circuiting transfer mode because it occurs at a higher voltage range.

2.5 Residual Stresses
There is two types of residual stresses, textural stresses and body stresses. Textural stresses are
due to differences in the structural material, that is inhomogeneous microstructure, and is not due
do any external factors. Body stresses are a result from mainly nonuniform stresses or temperature
changes. In body stresses, the material is homogeneous, but the body is acting differently in different parts of the element, due to inhomogeneous appliance of internal forces. The macrostructure
of an element with an applied body stress is in equilibrium over the cross section of the body.
However, for textural stresses this is generally not true. Therefore, body stresses are commonly
entitled macrostresses and textural stresses microstresses (Osgood, 1954). There are essentially
three types of residual stress. Macrostresses are of type I, which are stresses that vary continuously
over large distances. Other types are type II, which vary over grain scales such as for the case of
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microstresses, and type III. Type III varies over an atomic scale (Withers & Bhadeshia, 2001).
Residual stresses due to welding, which causes differing temperature appliance on an element, is
of type I and is a type of macrostress. Residual stresses can be both beneficial and unbeneficial for
an element. In some cases, residual stresses are deliberately produced to enhance the element.
Residual stresses can influence the performance and the lifespan of an element significantly
(Withers & Bhadeshia, 2001).
There are different mechanical methods to determine residual stresses: by measuring curvature,
either by direct contact, strain gauges, or indirect contact, laser scanning. Other examples of methods are hole drilling and relaxation methods(Withers & Bhadeshia, 2001). The measuring methods
are categorized into two, destructive and non-destructive techniques. A destructive technique, such
as hole drilling, signifies that the measurement of residual stresses is completed by either complete
or of partial disassembly the material. A non-destructive technique, such as X-ray diffraction, is a
method for which removal of material is not needed (Withers et al., 2008).

2.6 Residual Stress Pattern – BSK 07
In the handbook regarding steel construction, BSK 07, distributed by Boverket, chapter 3:44 is
concerning residual stresses. The impact of residual stresses on the stiffness and resistance of the
material is to be considered when calculating steel constructions as the residual stresses influences
the behaviour of the material. Estimating the buckling resistance in a steel column according to
SS-EN 1993-1-1 (2005) is done using buckling curves, which in its turn is dependent on the residual stresses in the cross section. The magnitude of the stresses is mainly dependent on manufacturing, cross section and the material thickness. The handbook provides with examples of the distribution of residual stresses in welded I-sections and rectangular cross sections, with a maximum
thickness of 40 millimetres. Schematic sketches of the stress distribution presented in BSK 07 are
presented in Figure 2.6.
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Figure 2.6 – BSK 07, figure 3:44

Figure designation:
𝑓𝑦𝑘
𝑡, 𝑡𝑓 , 𝑡𝑤
𝜎𝑐

- Characteristic strength of the material.
- Material thickness.
- Compressive stresses defined by the given relationship that residual stresses in
the cross section does not develop any resulting normal force or moment.

Plus-sign portrays tensile stresses and minus-sign compression stresses. All numerical values for
residual stresses in the figure are presented in MPa.
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2.7 Residual Stress Pattern – ECCS
A suggestion of residual stress pattern is presented in the Manual on Stability of Steel Structures
(1980), distributed by ECCS. The pattern is based on series of computational tests performed by
Young and Robinson. The tests were performed using I-sections. Furthermore, for I-sections manufactured with high performance steel, it is suggested in the manual that the compressive residual
stress level is approximately ten percent of the yield stress level. In Figure 2.7 below, the residual
stress pattern for buckling around both x- and y-axis is presented. The result is based on tests
completed with HEB180 and IPE180 profiles.

Figure 2.7 - Buckling around the x-x and y-y axis.

Figure designation:
𝜎𝑟
𝜆̅
̅
𝑁

- Nominal yield strength
- Relative slenderness ratio.
- Normal force.
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Furthermore, another residual stress pattern is provided by ECCS and also by Jenney and O’Brien
(2001). The patterns are accurate for hot-rolled, universal mill and flame cutting H-sections of
conventional steel. The alternative residual stress pattern is represented in Figure 2.8 below.

Figure 2.8 - Residual stress patterns for H-sections. (ECCS, 1976; Jenney and O'Brien, 2001)

Figure designation:
a
b
c

- Hot-rolled H-sections.
- H-sections of flame cut steel.
- H-sections of universal mill steel.

2.8 Residual Stress Pattern – Previous Studies
A previous study, completed by Ban, Shi, Shi, & Wang (2012), are focused on residual stresses in
high performance steel with equal angled cross sections. Tests are completed using steel with a
yield strength of 420 MPa. The residual stress pattern is obtained using the sectioning method.
Furthermore, the effect of thickness and width were acquired. The conclusions of the study were
that the residual stresses are compressive at the outer and inner edge of the cross section and tensile
in the middle. Furthermore, the magnitude of the stresses corresponds to the calculated ratio between the thickness and the width. However, the residual stress ratio concluded are for cross sections with b/t > 11, but the results are suggested to be reasonable for smaller cross sections as well.
The proposed pattern of the residual stresses is presented in Figure 2.9 below. Moreover, the ratios
corresponding to the pattern are presented in Table 2.2. An interpretation of the residual stress
pattern according to the study is presented in Figure 2.11. The residual stress measurements conducted by Ban et.al. (2012) is completed with relaxation method.
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Figure 2.9 - Residual stress pattern proposed by Ban, Shi, Shi, & Wang, (2012).

Figure designation:
𝛽
𝑓𝑦

- Residual stress factor.
- Yield Strength of the material.

Plus-sign portrays tensile stresses and minus compression stresses.
Table 2.2 - Residual stress ratios. Ban et al., (2012)
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The residual stress factors, 𝛽1 and 𝛽2, were calculated according to the following formulas (Ban
et al., 2012):
𝑏

𝛽1 = {

− 0.03 ( 𝑡 ) + 0.48,
0.06,

𝑏
𝑡

11 ≤

0.04 ( 𝑡 ) − 0.55,
−0.02,

𝑡

< 14
Eq. 2.1

≥ 13.25

𝑏

𝛽2 = {

𝑏

11 ≤
𝑏
𝑡

𝑏
𝑡

< 13.25
Eq. 2.2

≥ 14

Figure 2.10 - Symbol definition for equal angled sections. Ban et al., (2012).

Residual Stress Pattern according to Ban et.al (2012)
100
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60
Assumed residual stress pattern for
the S690QL cross section.
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Figure 2.11 - Assumed residual stress pattern according to Ban et.al, (2012)
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Residual stresses were also analysed by Cherenenko & Kennedy (1990). The focus of the study
was residual stresses in H-shape members with welded wide flanges and different cutting methods.
It was concluded that the stress pattern differs depending on the cutting method. The compressive
stresses were established to be higher in sections with flame cut edges than with rolled. Moreover,
the high compressive stresses were compensated by the high tensile residual stresses at the flange
tips, induced by flame cutting. Therefore, the sections were still found to be in equilibrium.
The study provides the following residual stress pattern for H-sections with welded wide flanges
of different cutting methods. Furthermore, Figure 2.13 presents the residual stresses in a H-shape
member with flame cut edges mentioned and analysed by Cherenenko & Kennedy (1990) but concluded by McFalls and Tall (1969).

Figure 2.12 - Residual stress pattern, provided by Cherenenko & Kennedy (1990).

Figure designation:
(a)
(b)
(c)

- Residual stress pattern for rolled sections.
- Residual stress pattern for universal mill formed plates.
- Residual stress pattern for oxygen cut plates.
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Figure 2.13 - Residual stress distribution for H-sections with flame cut edges, provided by McFalls and Tall (1960).

Another study, completed by Nagaraja Rao et.al (1964) at Lehigh University, provides residual
stress patterns for welded L-profiles. The study is based on tests on plates with measurements
254x12.7 millimetres and 9.5-millimetre welds. The residual stresses were obtained with relaxation method. The maximum tensional stress was obtained in the corner and was 62 ksi, which is
approximately 427 MPa. The maximum compressive stress was 25 ksi, which is approximately
172 MPa. At the outer edge of the cross section, tensile stresses of approximately 35 MPa were
obtained. The study was completed using steel with measured yield strengths between 235 and
246 MPa. The obtained residual stress pattern is presented in Figure 2.14. In Figure 2.15, the pattern represented in Figure 2.14 is simplified and presented in percentages of the yield strength 235
MPa.
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Figure 2.14 - Residual Stress Pattern according to Nagaraja Rao et. al (1964).

Figure 2.15 – A simplified illustration of the measured residual stresses, according to Nagaraja Rao et. al (1964).
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2.9 Heat Transfer
Heat is an energy that travels from high temperature to low temperature elements. Heat transfer
can be the result of a high temperature body in a low temperature room or a body of variating
temperature at different points in the body. The heat flow created because of heat transfer is due
to three modes – convection, conduction and/or radiation.

2.9.1 Conduction
Conduction can be described as heat transfer between solid elements, heat energy transferred
through elements being attached. In EN 1993–1–2, section 5.2.4.3 the thermal conductivity at different temperatures is presented. Furthermore, the thermal conductivity can be calculated with
formula 3.3a-b, also found in EN 1993–1–2. Thermal conductivity is a material property, which is
dependent on the density of molecule bonding. Fourier’s law of heat conduction gives the flux q,
due to thermal conductivity:
𝑑𝑇

𝑞𝑐𝑜𝑛𝑑 = −𝜆 𝑑𝑥

Eq. 2.3

Where:
𝜆

– Thermal conductivity [ 𝑊/𝑚𝐾 ]

𝑑𝑇

– Temperature gradient [𝐾/𝑚]

𝑑𝑥

For the thermal conductivity, it is defined in EN–1993–1–2, section 5.2.4.3, as follows:

- For 20° C ≤ T < 800° C:
𝜆𝑎 = 54 − 33.3 x 10−2 𝑇 [ 𝑊/𝑚𝐾 ]

Eq. 2.4

- For 800° C ≤ T < 1200° C:
𝜆𝑎 = 27.3 [𝑊/𝑚𝐾]
Where:
T – Steel temperature [°C].
Moreover, the assumption is made that the conductivity is continuous and constant up to 1800°.
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Figure 2.16 - Thermal conductivity of carbon steel as a function of temperature. EN-1993-1-2, figure 3.5

2.9.2 Convection
Convection is defined as heat transfer between solid and liquid bodies, heat energy transferred
through elements being attached. Newton’s convection boundary condition gives the formula for
heat flow due to convection:
𝑞𝑐𝑜𝑛𝑣 = 𝛼(𝑇 − 𝑇∞ )

Eq. 2.5

Where:
𝛼
- Convection coefficient [ 𝑊/𝑚2 𝐾 ]
𝑇
- Temperature of the surface body [𝐾]
𝑇∞
- Temperature of the fluid [𝐾]

2.9.3 Radiation
Radiation is described as heat transfer between bodies, heat energy transferred through electromagnetic waves. Stefan – Boltzmann law specifies the radiation energy from a black body as:
𝑞𝑟𝑎𝑑 = 𝜀𝜎 (𝑇 − 𝑇∞ )4

Eq. 2.6
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Where:
𝜀
𝜎
𝑇
𝑇∞

- Emissivity factor [-]
- Stefan-Boltzmann’s constant, 𝜎 = 5.670 x 10−8 [𝑊/𝑚2 𝐾 4 ]
- Absolute temperature of the body [𝐾]
- Absolute temperature of the environment [𝐾]

Conductivity, convection and radiation combined results in the total heat transfer energy, given by
the following formula:
𝑞 = 𝑞𝑐𝑜𝑛𝑑 + 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑑

Eq. 2.7

2.9.4 Specific Heat Capacity
The heat needed to raise the temperature of a one-kilogram mass with one kelvin is called specific
heat capacity. The specific heat capacity is temperature dependent. The specific heat capacity, cp,
can be derived from formulas specified in EN 1993-1-2, section 3.4.1.2. The formulas are specified
to a maximum temperature of 1 200°C. However, the assumption is made that the specific heat is
continuous and constant up to 1 800°. Furthermore, the relationship between temperature and specific heat capacity is presented in Figure 2.17.

Figure 2.17 - Specific heat of carbon steel as a function of temperature. EN-1993-1-2, figure 3.4
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2.9.5 Latent Heat
Latent heat is the energy absorbed and released when the element undergoes phase transformation.
The latent heat energy is a result of potential energy in the material which is due to bonding of the
particles. During a welding process, the beginning of the weld pool absorbs latent heat when it
melts the material. However, at the end of the weld pool, latent heat is released when the melted
material solidifies. Since latent heat is a part of phase transformation it is not considered in this
analysis. The latent heat is connected to specific heat and can be calculated as follows (Esfahani,
2016):
𝑇

𝐻 = ∫𝑇 𝑙𝑖𝑞𝑢𝑖𝑑 𝜌 𝐶𝑝 𝑇 𝑑(𝑇) + ℎ1

Eq. 2.8

𝑠𝑜𝑙𝑖𝑑

By assuming the specific heat capacity as a linear function of temperature, a constant equivalent
specific heat capacity can be calculated for the weld pool:
𝐶𝑒𝑞 = 𝜌 (𝑇

𝐻

Eq. 2.9

𝑠𝑜𝑙𝑖𝑑 −𝑇𝑙𝑖𝑞𝑢𝑖𝑑 )

The liquidus and solidus temperatures can be measured experimentally. For steel with known composition, the temperatures can be calculated using following empirical relations:
𝑇𝑙𝑖𝑞𝑢𝑖𝑑 = 1535 − 200(%𝐶) − 12.3(%𝑆𝑖) − 6.8(%𝑀𝑛) − 124.5(%𝑃) − 189.3(%𝑆) −
4.3(%𝑁𝑖) − 1.4(%𝐶𝑟) − 4.1(%𝐴𝑙)
Eq. 2.10
𝑇𝑠𝑜𝑙𝑖𝑑 = 1537 − 88(%𝐶) − 8(%𝑆𝑖) − 5(%𝑀𝑛) − 30(%𝑃) − 25(%𝑆) − 4(%𝑁𝑖) −
1.5(%𝐶𝑟) − 5(%𝐶𝑢) − 2(%𝑀𝑜) − 2(%𝑉) − 18(%𝑇𝑖)

Eq. 2.11

The specific heat capacity for the weld pool can thereafter be calculated as follows:
𝐶𝑝,𝑠𝑜𝑙𝑖𝑑
𝐶𝑝,𝑠𝑜𝑙𝑖𝑑 +𝐶𝑝,𝑙𝑖𝑞𝑢𝑖𝑑

𝐶𝑝 = {

2

𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑
+ 𝜌(𝑇

ℎ1

𝑇𝑠𝑜𝑙𝑖𝑑 ≤ 𝑇 ≤ 𝑇𝑙𝑖𝑞𝑢𝑖𝑑

𝑙𝑖𝑞𝑢𝑖𝑑 −𝑇𝑠𝑜𝑙𝑖𝑑 )

𝐶𝑝,𝑙𝑖𝑞𝑢𝑖𝑑
Where:
𝐻
𝜌
𝐶𝑝
ℎ1
𝑇𝑙𝑖𝑞𝑢𝑖𝑑
𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇 > 𝑇𝑙𝑖𝑞𝑢𝑖𝑑

- Enthalpy
- Density
- Specific heat capacity
- Latent heat of fusion
- Liquidus temperature
- Solidus temperature
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Eq. 2.12

2.10 Heat Source
The heat source created by the welding process is to be simulated as a non-symmetric double
ellipsoidal volume (Goldak & Akhalaghi, 2005). The heat deposition of the volume is ruled by ƒƒ
and ƒr, the heat distribution fractions. For a transient analysis, the heat flux is time-dependent.

Figure 2.18 - Double ellipsoidal heat source model. Goldak et al., (1984)

𝑞𝑓 (𝑥, 𝑦, 𝑧, 𝑡) = 𝑡

6√3𝑓𝑓 𝑄

𝑤𝑒𝑙𝑑 𝑎1 𝑏𝑐𝜋√

𝑞𝑟 (𝑥, 𝑦, 𝑧, 𝑡) = 𝑡

6√3𝑓𝑟 𝑄

𝑤𝑒𝑙𝑑 𝑎2 𝑏𝑐𝜋√

exp (−
𝜋

exp (−
𝜋

3𝑥 2
𝑎12

3𝑥 2
𝑎22

) exp (−

) exp (−

3𝑦 2
𝑏2

3𝑦 2
𝑏2

) exp (−

) exp (−

3𝑧 2
𝑐2

3𝑧 2
𝑐2

)

Eq. 2.13

)

Eq. 2.14

Where:
𝑞𝑓
𝑞𝑟
𝑓𝑓 , 𝑓𝑟
Q
𝑡𝑤𝑒𝑙𝑑
𝑎1 , 𝑎2 , 𝑏, 𝑐
𝑥, 𝑦, 𝑧

- Volumetric heat flux in the front of the heat source [W/m3].
- Volumetric heat flux in the rear of the heat source [W/m3].
- Divisions of heat source distribution, 𝑓𝑓 + 𝑓𝑟 = 2, 𝑓𝑓 ≠ 𝑓𝑟 ≠ 1[-]
- Total heat flux due to welding [J/s]
- Total welding time [s]
- Semi axial measurements of heat source, as presented in Figure 2.18 [m]
- Local coordinate system for the heat source model, as presented in Figure 2.18,
[m]

The total heat flux, Q, is calculated according to SSAB and is presented in chapter 3.2.1.
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2.10.1 Heat input and Temperature
When welding, heat energy input and the preheat temperature are of great importance. For conventional steel, with higher amounts of carbon, preheating is crucial to not obtain cracking in the
material (Schröter & Willms, 2016). As presented in Chapter 1.1, how the material is temperature
treated has great influence on the material. Both the welding time and heat input is therefore key
factors. Too low temperature leads to risk of cracking and too high heat input can lead to loss of
material strength. This has been further studied by Håkansson (2002) and a schematic figure based
on the previous studies of the relationship between heat input and preheat temperature is presented
in Figure 2.19 below. Since high performance steel has a lower amount of carbon, the material is
less prone to cracking and therefore has a lower need for preheating. Moreover, according to the
American National Steel Institute (2004), it is not necessary to preheat HPS steel with thicknesses
smaller than 25 millimetres.

Figure 2.19 - Relationship between preheat temperature and heat input. Håkansson, K. (2002).

Figure designation:
𝑇𝑝
𝑄

- Preheat temperature. [°C]
- Heat input energy. [kJ/mm]
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The heat input energy can be described as the electrical energy contributed by a welding arc into
an element (Kobe Steel LTD, 2000). Additionally, it can also be explained as the relationship
between the welding arc power supply and the welding speed. The heat input energy can be calculated with the following formula.
𝑄 = 𝜂 𝑈𝐼
Where:
𝑄
𝜂
𝑈
𝐼

- Heat input energy.
- Welding efficiency.
- Voltage.
- Current.

The heat input can also be determined using WeldCalc. WeldCalc is a program provided by SSAB,
a Swedish Steel company, and it provides recommended energy input based on welding parameters
such as voltage, welding speed and current. The program also takes the properties of the workpiece
into account.

2.11 Temperature Histories
The mechanical properties of a welded high performance steel element is considerably influenced
by the temperature-time cycles. The temperature-time cycles are described with t8/5, the cooling
time from 800°C to 500°C. The parameter describes the cooling time of one specific weld pass.
Heat input, geometry and plate temperature and thickness influences the t8/5 parameter. To obtain
sufficient mechanical properties, an upper and lower limit of t8/5 is necessary. Too long cooling
time can result in lesser material strength and toughness and consequences such as cracking of too
short cooling time is maintained (Schröter & Willms, 2016). Depending on the thickness of the
plate, the plate is subjected to either three- or two-dimensional heat flow. With thicker plates, the
heat flow becomes three-dimensional and the cooling time is therefore shortened. The cooling time
for plates of different thicknesses may therefore differ significantly. Figure 2.20 can be used to
evaluate which type of heat flow the plate is subjected to. An error factor of 10 % is to take into
consideration when calculation a theoretical cooling time, as the formulas in Eq. 2.15 and 2.16 are
based on some assumptions (Dillinger, 2016).
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Figure 2.20 - Assessment of type of heat flow in the joint. SSAB (2016)

Where:
1
2
3
4
𝑇𝑝

- Plate thickness [mm]
- Heat input [kJ/mm]
- Three-dimensional heat flow
- Two-dimensional heat flow
- Preheat temperature [°C]

For low alloyed steel and three-dimensional heat flow, t8/5 can be calculated according to European
standard EN 1011-2-2003 as follows:
1

1

𝑡8/5 = (6700 − 5𝑇0 ) ∗ 𝑄 ∗ (500−𝑇 − 800−𝑇 ) ∗ 𝐹3
0

Eq. 2.15

0

For low alloyed steel and two-dimensional heat flow, t8/5 can be calculated according to European
standard EN 1011-2-2003 as follows:
𝑄2

1

1

𝑡8/5 = (4300 − 4.3𝑇0 ) ∗ 105 ∗ 𝑡 2 ∗ ((500−𝑇 )2 − (800−𝑇 )2 ) ∗ 𝐹2
0

0

Eq. 2.16

Where:
𝑡8/5
𝑇0
Q
𝐹2 , 𝐹3

- Cooling time [s]
- Initial plate temperature [°C]
- Heat input and total heat flux due to welding [kJ/mm]
- Shape factors [-]

The shape factors dependent on the weld form and is decided according to EN-1011, Table D.1.
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Table 2.3 - Shape factors, influence of the weld form on t8/5. EN-1011 Table D.1.

Cooling time is critical to obtain sufficient mechanical properties of a welded joint. However, the
mechanical properties are also dependent on the preheating temperature. The amount of carbon in
a high performance steel element is smaller than in a conventional steel which in its turn results in
less need of preheat (Schröter & Willms, 2016). Moreover, the carbon equivalent increases with
increasing thickness which leads to greater need of preheating. The required preheating temperature can be calculated according to EN-1011:
𝑡

𝑇𝑝 = 697 ∗ 𝐶𝐸𝑇 + 160 ∗ 𝑡𝑎𝑛ℎ (35) + 62 ∗ 𝐻𝐷0.35 + (53 ∗ 𝐶𝐸𝑇 − 32) ∗ 𝑄 − 328
Where:
𝑇𝑝
𝐶𝐸𝑇
𝑡
𝐻𝐷
𝑄

- Preheat Temperature [°C]
- Carbon equivalent [%]
- Plate thickness [mm]
- Diffusible hydrogen content [ml/100g deposited weld metal]
- Heat input [kJ/mm]
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Eq. 2.17

The carbon equivalent, CET, is calculated as follows, according to EN-1011:
𝐶𝐸𝑇 = 𝐶 +

𝑀𝑛+𝑀𝑜
10

+

𝐶𝑟+𝐶𝑢
20

𝑁𝑖

+ 40

Eq. 2.18

To evaluate the cooling time in practice, it can be done using thermocouples, see chapter 3.2.2.1.
In a previous study performed by Liu (2017), the temperature histories shown in Figure 2.21 was
obtained. The pattern obtained in Liu’s study can be seen as an example of how the temperature
histories during welding might look. The positions of the points (T1 to T9) are shown in Figure
2.22.

Figure 2.21 - Temperature histories during welding. Liu, (2017)
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Figure 2.22 - Position of the points T1 to T9, where its temperature histories are shown in the previous figure.
Liu, (2017)

2.11.1 Temperature distribution
During the welding process, the temperature at the heat source is very high. For a GMAW weld,
the temperature lies within the span 6 000 - 8 000°C (Cunat, 2003). Moreover, how the temperature distributes over the cross section is mainly dependent on the conductivity of the material and
radiation.
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3 METHOD
3.1 Finite Element Modelling
The analysis was performed using Abaqus 6.14 with a DFlux subroutine. The subroutine was written in Fortran language and is found in APPENDIX Ι – Script for DFLUX Subroutine. The analysis
was divided into two subparts, a transient heat transfer analysis and a steady state three-dimensional stress analysis, instead of doing one coupled thermal and displacement analysis. The reason
for this is avoid long computation time and to acknowledge eventual errors early on. Two setups
with differing boundary conditions were analysed. The first setup has one fixed point and is henceforth termed BC 1. The second setup has two fixed points and is hereinafter termed BC 2. How
the boundary conditions are defined are described further below. Results were gathered for eleven
points across the centre of the body. From these points, temperature histories and stress histories
were gathered to be further analysed. The analysis runs for 115 seconds, 85 seconds welding time
and 30 seconds cooling time. The body will not be able to reach room temperature in that interval.
Therefore, the resulting stresses after the fully completed cooling time are obtained by extrapolation of time and stress curvatures. The fully completed cooling time is not calculated until completion in the numerical analysis since the processing time is too time consuming. Moreover, the
difference between results from a numerical analysis and results from extrapolation are assumed
to be very small in relationship to the time consumed.
Table 3.1 - Table of units for FEM.

Table of units
Parameter
Length
Area
Volume
𝜌𝑠𝑡𝑒𝑒𝑙 , Density
E, Young’s Modulus
T, Temperature
𝐶𝑎 , Specific heat
𝜆, Conductivity
t, Time
Q, Power
U, Voltage
I, Current
q, Volumetric heat flux
v, Velocity
∆, Expansion

Unit
m
m2
m3
kg/m3
Pa
°C
J/ kg K
W/mK
s
J/s
V
A
W/m3
m/s
m
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3.1.1 Heat Transfer Analysis
The heat transfer analysis was the first analysis to complete. To be able to determine the temperature and the heat flux the following parameters in chapter 3.1.1.1 to 3.1.1.8 are applied, combined
with the parameters specified in the subroutine.
3.1.1.1 Mesh
For the heat transfer analysis, the element type is chosen to C3D8. C3D8 is linear elements, formed
as 8-node bricks. The mesh size is chosen so that the element has at least four elements is implemented in the thicknesses of the element plates, as suggested from previously completed experimental work (Liu, 2017). To make the calculation process shorter, the mesh is fine closer to the
welding and coarse nearer to the edges.

Figure 3.1 - Mesh used in the numerical analysis.

3.1.1.2 Geometry
The profile of the specimen is an L-section, with the same measurements as the element tested in
the practical experiment. The weld size is chosen according to the standard SS-EN-1993-1-8, chapter 4.5.2. The allowed minimum effective throat thickness is three millimetres according to the
standard and is therefore used in this study. The global coordinates used in this analysis is presented in Figure 3.2. Origin is at the beginning of the weld and the welding procedure is performed
in the direction of the z-z axis.
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Table 3.2 - Geometry of elements.

Dimension
Length, L
Width, W
Thickness, t
Throat thickness, a

Size
0.120
0.040
0.004
0.003

Unit
m
m
m
m

Figure 3.2 - Illustration of the cross section analysed.

3.1.1.3 Boundary Conditions
As boundary conditions, ambient temperature and emissivity parameter are defined. The temperature of the environment in which the element is in. Normally, the ambient temperature is put to
room temperature, between 20-25°C. Emissivity is the effectiveness of which the surface of the
material emits energy as thermal radiation. Emissivity varies between 0 and 1. The value of emissivity varies depending on the material surface and conditions and is in this study put to 0.7. The
room temperature is put to 20°C.
3.1.1.4 Material Properties
A material parameter which measures the stiffness of the material is the elastic modulus. It defines
the relationship between stress and strain for the material. The elastic modulus is considered to be
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temperature dependent. A bilinear interpolation of the elasticity module was done to take the temperature dependence into consideration. Since the relationship between strength and temperature
is almost linear, a bilinear interpolation of Figure 3.3 was considered sufficient. The interpolation
is based on the relationship between temperature and strength presented by (Fu, Gurova, Lourenco,
& Estefen, 2015), see Figure 3.3 below. The relationship stated is for lower graded steel, however
the relationship is assumed to be constant for all steel grades. An alternative course of action could
be to test the material parameters through physical experiments. This however, is more time consuming and therefore not considered as an alternative in this study.
The yield strength of the material is also significant for the analysis and it was also considered to
be temperature dependent. As with the elastic parameter of the material, the temperature dependent
values for yield strength is decided through bilinear interpolation of Figure 3.3. Illustrations of the
interpolated values for the yield strength and elastic modulus are presented in Figure 3.4 and Figure
3.5, together with presented values in Table 3.3.

Figure 3.3 - Relationship between strength and temperature for S355J2G3 steel. Camilleri et al., (2013)
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Temperature Dependent Young's Modulus and Yield Strength
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Figure 3.4 - Temperature dependent Young's modulus and yield strength.

Temperature dependent Stress - Strain diagram
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Figure 3.5 - Temperature dependent stress-strain diagram.
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Table 3.3 - Temperature dependent yield strength and Young's modulus.

Temperature [°C]
0
200
400
1 200
8 000

Yield Strength [MPa]
690
690
6.9
6.9

Young’s Modulus [GPa]
210
210
195
2.1
2.1

With differing temperature, steel expands and contracts. Therefore, the thermal coefficient of expansion is significant when evaluating stresses. The thermal coefficient of expansion is not considered to be temperature dependent. For carbon steel, the expansion coefficient is typically put to
11 − 12.5 ∗ 10−6 𝑚/𝑚𝐾 (Engineering Toolbox, 2018). In this study, the expansion coefficient
is put to 12.5 ∗ 10−6 𝑚/𝑚𝐾.
For a heat transfer analysis, conductivity is very significant. Conductivity was calculated according
to Chapter 2.9.1 and the temperature dependent coefficient was specified in the analysis.
Specific heat is temperature dependent and was calculated according to Chapter 2.9.4.
A mechanical property of the material, which denotes the correlation between mass and volume.
The density of HPS is higher than in conventional steel, which is one of the main differing factors
between the materials. The density for S690QL is presented in Table 2.1.
Poisson’s ratio is a mechanical property of the material which denotes the negative of the ratio
between transverse and axial strain.
𝜀2
𝜐=| |
𝜀1
Where:
𝜐
𝜀1
𝜀2

- Poisson’s ratio
- Longitudinal strain [-]
- Transverse strain [-]

Radiation is a part of heat transfer. Therefore, it is of importance to specify Stefan Boltzmann’s
constant. Heat transfer due to radiation is calculated as presented in Chapter 2.9.4.
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Absolute zero temperature is the lower limit of the thermodynamic temperature scale. Absolute
zero is at -273.15 °C, which is 0°K. Since one of the main focuses of the numerical analysis is
temperature, it is of importance to specify the absolute zero temperature.
3.1.1.5 Load Conditions
In the heat transfer analysis, heat transfer is defined as a body flux load. The subroutine DFlux
defines the load as a volumetric heat source. The load is only active in the welding step; therefore,
the magnitude of the load is set to one in the welding step and to zero in the cooling step.
3.1.1.6 Welding Procedure
The numerical analysis is divided into calculation steps. In this study, an element with one welding
pass is studied. Therefore, the calculation has two steps, welding and cooling. The first step is
welding. The weld length is 120 mm and runs at a velocity of 1.41 mm/s. When the welding step
is completed, the cooling step begins. Cooling is included in the steps since it is of significance to
be able to evaluate and compare the cooling time, t8/5, of the numerical analysis with the experimental analysis.
Table 3.4 - Step definition.

Step
Initial
Welding
Cooling

Velocity [mm/s]
1.41
-

Duration [s]
1
85
-

Starting point
0
1
86

End point
1
86
116

3.1.1.7 Step Condition
How the steps are defined, the step condition, is of great significance for the calculation process.
To obtain sufficient increment sizes, iteration is often needed. The increment size defines the size
of each step. Furthermore, a minimum and maximum limit for an increment is defined. Deltmx
defines the maximum temperature change per increment. If the temperature change is too large,
the step will decrease in size. This iteration will go on until ΔT < Deltmx [°C]. If an increment is
unable to converge at the minimum increment size, the analysis will come to an end.
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Table 3.5 – Step and Increment definition for the numerical analysis.

Step
Initial
Welding
Cooling

Max. number
Min.
of increments Increment size Increment size
1
100 000
100 000

0.01
0.01

0.1E-005
0.1E-005

Max.
Increment size Deltmx

0.01
0.01

300
300

3.1.1.8 Field and History Output
To limit the amount of result and therefore limit the calculation time, the field and history output
is modified. NT, Nodal temperature, and HFL, Heat flux, is set as output. An output request is
made with evenly spaced intervals every 300th element, n=300, and at approximate times.

3.1.2 Three-Dimensional Stress Analysis
3.1.2.1 Mesh
The most common element type used for a heat transfer analysis is C3D8RT, a three-dimensional
eight node element with one integration point in the centroid. This type of element is understood
as being highly effective element concerning computing resources when doing a coupled thermal
and displacement analysis (Liu, 2017). C3D8RT includes hourglass control. Hourglassing can be
explained as a false deformation of a mesh in a Finite Element Model, it can occur due to zero
energy degrees of freedom. In a model, it can be detected by a mesh that is undeformed but essentially consists of highly deformed elements. To avoid hourglassing, hourglass control and a fine
mesh should be applied in an analysis. A schematic representation of a C3D8RT element is presented in Figure 3.6 below. (Belytschko, Ong, Wing Kam Liu, & Kennedy, 1984).

Figure 3.6 - A three-dimensional eight node element with one integration point (MIT, 2018)
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In this study, the stresses are analysed in a three-dimensional stress analysis. In the 3D stress analysis element type C3D8 was applied. The element type is a three-dimensional eight node element
with eight integration points. Since the element type has full integration, there is no need for hourglass control. Therefore, it will make the calculation process more effective. As in the heat transfer
analysis, the mesh is fine closer to the welding and coarse nearer to the edges to make the calculation process shorter. A schematic representation of a C3D8 element is presented in Figure 3.7
below.

Figure 3.7 - A three-dimensional eight node element with eight integration points (MIT, 2018).

3.1.2.2 Geometry
The same geometry as in the first analysis was used in the second. The dimensions are to be found
in Table 3.2.
3.1.2.3 Boundary Conditions
The support conditions have a significant impact on the resulting residual stresses. Two different
sets of boundary conditions were analysed. In the first stress analysis, the support conditions were
defined as a fixed point in the middle of the length of the element. With this condition, the element
is free to translate in any direction excluding the midpoint. This type of support condition is assumed to have the least effect on the strain and stresses of the material. In the second stress analysis, the support conditions were defined with two fixed points in each end of the length of the
element. With this setup, the element is free to translate and rotate in all directions and at all nodes
except for at the end points. The local coordinates and the support conditions for both stress analyses are defined as in
Table 3.6 below.
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Table 3.6 - Boundary Conditions for the second analysis.

Stress analysis
BC 1
BC 2
BC 2

Local coordinate [x,y,z]
0, 0, 0.60
0, 0, 0
0, 0, 0.120

Boundary Condition
Ux = Uy = Uz = URx = URy = URz = 0
Ux = Uy = Uz = URz = 0
Ux = Uy = Uz = 0

3.1.2.4 Material Properties
The same material properties are used as in the first part of the analysis. See Chapter 3.1.1.4.
3.1.2.5 Load conditions
To calculate the residual stresses due to differing temperature in the material, the result from the
first analysis is put as a load in the second analysis. Therefore, the result file from the first analysis
is put as an input file into the second analysis. No other load is applied.
3.1.2.6 Step condition
The same step and increment conditions are used in the second analysis as in the first one. However, in the stress analysis welding and cooling is coupled into one step as it is of no significance
if it is divided into two steps. How the temperature differs between welding and cooling is not
dependent of step definition as it is given as an input-file in pre-defined fields.
Table 3.7 – Step and Increment definition for the numerical analysis.

Step
Initial
Welding and Cooling

Max. number
of increments

Increment
size

Min.
Increment size

Max.
Increment size

1

-

-

-

100 000

0.01

0.1E-005

0.01

3.1.2.7 Field and History Output
To limit the amount of result and therefore limit the calculation time, the field and history output
is modified. Energy is set as a history output. An output request is made at exact times every 100th
element, n=100. As field output request, stresses, strains, temperatures, displacement/velocity/acceleration and forces/reactions are set. As for with the history output, an output request is made at
exact times every 100th element, n=100.
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3.2 Experiment
3.2.1 Heat input
An experiment was performed, where two steel plates were joined together by Gas Metal Arc
Welding (GMAW). When performing a welding process, the parameters of interest are voltage,
current, efficiency and welding speed. The values of these parameters are used to compute the heat
input, Q [J/s]. The results from the calculation in the program can be seen in Figure 3.8. The values
of the parameters of interest are shown in Table 3.8 and Table 3.9, where the efficiency coefficient
is 0.8 according to SSAB. The heat input is calculated in WeldCalc according to the following
equation:
𝑄 = 𝑈𝐼𝜂 [J/s]

Eq. 3.1

The calculation in WeldCalc was done two times; a first try and a second try. The first try was
based upon assumptions regarding voltage, current and welding speed (see Table 3.8), and the heat
input calculated with those values was used in the first run of the model in Abaqus. When performing the actual welding process, it was not possible to use the assumed values because of the
thin plates and rather small specimens, and the values presented in Table 3.9 were used instead.
To enable a comparison between the outcome from the experiment and the numerical analysis in
Abaqus, the model was put on running one more time but with the more correct value of the heat
input, see Figure 3.8.
Table 3.8 – Welding parameters; first try

Parameter

Value and unit

Voltage, U

220 V

Current, I

90 A

Efficiency, η

0.8

Speed, v

4 mm/s

Table 3.9 - Welding parameters; second try

Parameter

Value and unit

Voltage, U

65 V

Current, I

70 A

Efficiency, η

0.8

Speed, v

1.41 mm/s (8.48 cm/min)

As mentioned previously, the results from the calculation of the second try in WeldCalc are shown
in Figure 3.8. The result obtained kilojoules per millimetre (2.58 kJ/mm), which was rearranged
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to joules per second (3640 J/s), in order to use the value in the script for the DFLUX subroutine in
Abaqus. The heat input, Q, was calculated to:

Figure 3.8 - Heat input calculation made in WeldCalc, a software provided by SSAB.

3.2.2 Temperature and Strains
When performing the experiment, the temperature and the strains were measured using thermocouples and strain gages.
3.2.2.1 Thermocouples
A thermocouple is a device that measures temperature with help of two wires made of different
metals. Voltage is created when the device recognizes a change in the temperature, from which the
temperature can be determined (REOTEMP Instrument, 2011). During this experiment, a number
of two thermocouples were used for each specimen. The thermocouple placed closest to the weld
was called Thermocouple 1 and the one placed closest to the strain gage was called Thermocouple
2, see Figure 3.12.
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Figure 3.9 – An example of a thermocouple. Omega Engineering, (2018)

3.2.2.2 Strain gages
A strain gage is a device that recognizes an applied force, from which it can measure changes in
electrical resistance. The stresses can be calculated from the strains that comes out as results during
a test. (Omega Engineering, 2018). The strain gages used in this experiment (model KYOWA KH
Series; High-temperature Foil Strain Gages, see Figure 3.10) do not tolerate temperatures larger
than 350°C. To make sure that the strain gages could be used in the experiment, a calculation of at
which distance from the heat source the temperature have sunk to 350°C was necessary. The calculation was made according to Fourier’s Law of heat conduction for a one-dimensional heat flux,
see Eq. 3.2.

Figure 3.10 - A strain gage of model KYOWA KH Series; High-temperature Foil Strain Gage. KYOWA, (2018)
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A simplification was made, where a one-dimensional heat flux was considered to be an adequate
approximation for the calculation. Fourier’s Law of heat conduction for a one-dimensional heat
flux is:
𝑑𝑇

𝑞 = −𝜆 𝑑𝑥

Eq. 3.2

To receive an approximation as accurate as possible, the length of the weld ellipsoid (the sum of
a1 and a2, see Figure 2.18) and the welding speed was considered in Eq. 3.3. The following equation of the distance was then obtained from Eq. 3.2:

𝜆∗𝑣∗𝑑𝑇

𝑥=𝑄

Eq. 3.3

1
2 𝑎1 +𝑎2

∗

Where:
x = distance from the heat source at which the temperature is 350°C [m]
𝜆 = the conductivity for the temperature at the heat source [W/mK]
v = welding speed [m/s]
dT = the difference between the temperature in the heat source and 350°C [°C]
Q = heat input, which was assumed to be divided equally into the two steel plates [J/s]
a1 and a2 = lengths in the weld ellipsoid according to Figure 2.18 [m]

A distance of 7.80 mm was obtained using the following values in Eq. 3.3:
𝜆 = 27.3 W/mK
v = 0.004 m/s
dT = 1450 °C, where the temperature at the heat source was assumed to be 1800°C
Q = 15840 J/s
t = 30 s
a1 + a2 = 0.013 m
The result of the calculation according to Eq. 3.3 indicated that the temperature would be 350°C
at a distance of 7.80 mm from the heat source (i.e. the weld), meaning that the strain gage could
be placed anywhere at the steel plate as long as the distance to the heat source is at least 7.80 mm.
What must be noticed is that this result was obtained using the values that was assumed during the
first try, see input values in Table 3.8. The distance of 7.80 mm is the result obtained when doing
the calculation with a heat input based on 220 volts and 90 amps. During the experiment, 65 volts
and 70 amps were used, the welding speed was 1.41 mm/s and the strain gages were placed as far
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away from the heat source as possible. So, the distance of 7.80 mm did not turn out to be a correct
value of the distance at which the temperature is 350 °C. Anyhow, the strain gages were placed in
the point where the largest values of the strains were assumed to be indicated, which was in the
middle at the outer edge, see Figure 3.12.
The strains measured in the strain gages were converted to stresses with Hook’s Law:
𝜎 =𝜀∗𝐸

Eq. 3.4

Where:
σ = stress [MPa]
ε = strain obtained during the experiment [μm/m]
E = Young’s modulus [MPa]
3.2.3 Preparation
Three specimens were tested during the experiment, meaning that six steel plates had to be prepared. The steel plates, which were water jet cut plates made of steel quality S690QL, were cut to
the dimensions 40x120x4 mm. After cutting the steel plates to the right dimensions, they were
rasped and polished. Their actual dimensions were measured with a calliper and micrometer before
the areas where the thermocouples and the strain gages should be placed were treated with isopropanol. A description of the naming of the steel plates follows:

Table 3.10 - Dimensions of the steel plates.

Label

Length [mm]

Width [mm]

Thickness [mm]

CP1,1

119.75

39.93

4.01

CP1,2

118.76

39.20

3.97

CP2,1

120.13

40.38

4.00

CP2,2

119.95

40.10

4.00

CP3,1

120.05

40.00

4.02

CP3,2

119.84

40.36

4.02
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Figure 3.11 - Three steel plates that have been rasped and polished. The green marks show where to place the strain
gages. The picture was taken before the experiment.

Two thermocouples and one strain gage were placed at each specimen, where a spot-welding machine was used to attach the devices at the steel plates. The thermocouples and the strain gages
were connected to a computer before the actual test (i.e. the welding process) could be performed.
Regarding the strain gages, a margin of error of 1 μm/m was considered in the analysis.
One of the thermocouples was placed 12.12 mm from the weld (with a throat thickness of 3 mm
considered), and the other one 13.50 mm from the first one, see Figure 3.12. The distances were
measured and calculated in order to place them symmetrical over the steel plate. Because of an
assumption that the maximum strains would be obtained on the outer edge and in the middle of
the plate in z-direction, that position is chosen for the strain gages, see Figure 3.12.
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Figure 3.12 - The devices were placed on the standing steel plate, where the marked distances represent the placing
of the thermocouples.

Figure 3.13 - One of the specimens is prepared with thermocouples and strain gage – ready to be welded. The picture was taken before the experiment.
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Figure 3.14 - A close up of the spot-welded devices; one strain gage and two thermocouples. The picture was taken
before the experiment.
3.2.4

Welding

Tools that were used during the welding were a magnet (to support the standing plate, see Figure
3.15) and a thin brass plate (to cover the devices). CP1 was also equipped with a compensation
device; a strain gage to measure the strains due to the temperature in the device during the welding
(the device itself was affected by the heat). This can be seen in Figure 3.16. The helping tools for
each specimen are presented in the table below.
Table 3.11 - Help tools during the experiment for each of the specimens.

CP1

Brass plate for coverage

Magnet for support

Strain gage for compensation

CP2

-

Magnet for support

-

CP3

Brass plate for coverage

Spot welded

-
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Figure 3.15 - When welding CP1 and CP2, a magnet was placed to support the standing steel plate. The picture was
taken before the experiment.
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Figure 3.16 - Compensation device; one more strain gage was placed in the upper corner. The picture was taken
before the experiment.

Before the welding started, the steel plates were spot welded in two points; at the beginning and at
the end of the weld line. CP1 and CP2 were spot welded on the same side as the weld, and CP3 at
the back of the specimen, which can be seen in Figure 3.17. These points were also considered as
boundary conditions during one of the analyses in Abaqus, see Chapter 3.1.2.3.

Figure 3.17 - CP3; the points where the plates were joined before the actual welding started. CP1 and 2 were joined
on the opposite side, on the “front” of the specimens. The picture was taken before the experiment.
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Figure 3.18- One of the specimens after welding. The picture was taken after the experiment.

Figure 3.19 - After welding; position of the weld, where the weld pool can be seen. The picture was taken after the
experiment.

52

4 RESULTS
4.1 Numerical Analysis
Two setups with differing boundary conditions were analysed in the analysis. The first setup has
one fixed point and is henceforth termed BC 1. The second setup has two fixed points and is
hereinafter termed BC 2. How the boundary conditions are defined are described further under the
method chapter.
Table 4.1 - Point definition of points A-K.

Point
A
B
C
D
E
F
G
H
I
J
K

x [mm]
(-4, 0, 60)
(0, 0, 60)
(4, 0, 60)
(8, 0, 60)
(12, 0, 60)
(16, 0, 60)
(19, 0, 60)
(23.5, 0, 60)
(28, 0, 60)
(32.5, 0, 60)
(36, 0, 60)

Figure 4.1 - A schematic figure to demonstrate where points B-K are located, A is on the backside.
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4.1.1 Heat Transfer Analysis
From the heat transfer analysis, the following results are obtained and presented in Table 4.2. The
analysis results in temperature distribution and heat flux. The temperature distribution of the element is presented in Figure 4.2 and as graphs in Figure 4.3 to Figure 4.5. In Figure 4.6 the distribution of heat flux in the middle of the element is presented.

Figure 4.2 - Heat distribution in the middle of the element, obtained in Abaqus.

In Table 4.2 below, the temperature histories for both BC 1 and BC 2 at 115 seconds are represented. These values combined with the complete temperature histories are used to extrapolate the
subsequent results.

54

Table 4.2 - Temperature histories at 115 seconds, the end of the numerical analysis.

Temperature Histories at 115 s
BC 1
Point
A
B
C
D
E
F
G
H
I
J
K

BC 2

Temp [°C]

Temp [°C]
743.19
743.94
740.97
733.27
712.56
684.43
663.05
635.09
613.47
599.09
592.36

743.37
711.24
634.54
592.25

Time Histories from Numerical Analysis
30 - 115 s
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Figure 4.3 - Resulting temperature histories within the interval 0 - 115 seconds from heat transfer analysis.

55

Time Histories from Numerical Analysis
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Figure 4.4 - Resulting temperature histories within the interval 115 - 1 000 seconds from heat transfer analysis.
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Figure 4.5 - Resulting temperature histories within the interval 1 000 - 1 900 seconds from heat transfer analysis.
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Figure 4.6 - Heat flux distribution from heat transfer analysis. [W/m2]

4.1.1.1 Cooling Time, t8/5
According to Figure 2.20, the plates are subjected to two-dimensional heat flow. The theoretical
cooling time is calculated according to Eq. 2.16.
𝑡8/5 = (4300 − 4.3 ∗ 20) ∗ 105 ∗

2.582
1
1
∗(
−
) ∗ 0.9 = 425.5 s
2
2
(500 − 20)
(800 − 20)2
4

The theoretical value is compared to the cooling time in point B:
𝑡800 = 96 𝑠
𝑡500 = 607 𝑠
𝑡8/5 = 607 − 96 = 511 s
4.1.2 Three-Dimensional Stress Analysis
In the three-dimensional stress analysis, the following results are obtained. The results gathered
from Abaqus are longitudinal stresses in the centre of the element and furthermore in the inner and
outer edge of the element. How the inner and outer edge are defined are described in Table 4.7.
Furthermore, the point definition of points A-K is as previously defined and presented in Table
4.1. The results that follows are first presented for each setup to later on be compared. Due to time
limitations, the result for BC 2 is not analysed in as many points as for BC 1.
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Figure 4.7 - Residual Stress distribution at 115 seconds.

4.1.2.1 BC 1
The maximum values for BC 1 are presented in Table 4.3 below. Furthermore, the resulting residual stress pattern for BC 1 is represented in Figure 4.8.
Table 4.3 - Maximum values for BC 1, gathered from the numerical analysis

Maximum values for BC 1
Point
Maximum Temperature [°C]
A
4559.20
B
7246.76
C
4085.12
D
2082.54
E
1223.69
F
854.11
G
715.55
H
642.28
I
613.86
J
599.09
K
592.35
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Maximum Stress [MPa]
420.28
678.80
-415.99
-439.46
-134.67
-15.17
11.04
11.56
31.41
41.46
49.98

Residual Stress Pattern - BC 1
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Figure 4.8 - Resulting residual stress pattern for BC 1.

4.1.2.2 BC 2
The maximum values for BC 2 are presented in Table 4.4 below. Furthermore, the resulting residual stress pattern for BC 2 is represented in Figure 4.9.
Table 4.4 - Maximum values for BC 2, gathered from the numerical analysis.

Maximum values for BC 2
Point
Maximum Temperature [°C]
A
B
7 195.11
C
D
E
1 221.17
F
G
H
642.11
I
J
K
592.25
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Maximum Stress [MPa]
687.11
-136.05
11.59
51.19

Residual Stress Pattern - BC 2
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Figure 4.9 - Resulting residual stress pattern for BC2.

4.1.2.3 BC 1 and BC 2
In the following table and figure, the result for setup one and two are put next to each other to
simplify for comparison.
Table 4.5 - Cooling times and resulting residual temperatures for BC 1 and BC 2 at room temperature.

Cooling time

Point
A
B
C
D
E
F
G
H
I
J
K

BC1
Time to reach 20°C Stress at 20°C [MPa]
[s]
1 811
420.28
1 806
678.80
1 795
-415.99
1 768
-439.46
1 719
-134.67
1 664
-15.17
1 594
-3.25
1 544
11.56
1 470
31.41
1 432
41.46
1 421
49.98
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BC2
Time to reach
20°C [s]
1 830
1 730
1 544
1 435

Stress at 20°C
[MPa]
687.11
-136.05
11.59
51.19

Comparison of Residual Stresses
800
600

Stress [MPa]

400
200
BC 1
0

BC 2
0
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-200
-400
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x, distance from the weld [mm]
Figure 4.10 - Comparison of residual stress patterns for BC 1 and BC 2.

4.1.2.4 Equilibrium check
Residual stresses due to welding is always in equilibrium at every point. Therefore, an equilibrium
check is completed to fortify the validity of the results. The equilibrium check is completed by
comparing areas under and over the curve. The area in tension should be equal to the area in compression.
The area under and over the curve is calculated using Excel. Since the difference between BC 1
and BC 2 is so small, equilibrium check is only completed for BC 1 and thereafter assumed for
BC 2.
Table 4.6 - Equilibrium check for the results from the numerical analysis.

Area

Value

Tensile Area
Compressive Area
Difference

3 444.49
- 3 467.74
0.35 %

The system can be considered to be in equilibrium, since the difference between the tensile and
compressive areas are almost zero.
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4.1.2.5 Stresses at Inner and Outer Edge
The resulting longitudinal stresses at the inner and outer edge of the element are presented Figure
4.11.

Figure 4.11 - Location of inner and outer edges. The inner edge is marked in red
and the outer in pink.

Table 4.7 - Point definition of points 1-11.

Point

Inner Edge, coordinates

Outer Edge, coordinates

1
2
3
4
5
6
7
8
9
10
11

(0, 0, 0)
(0, 0, 12)
(0, 0, 24)
(0, 0, 36)
(0, 0, 48)
(0, 0, 60)
(0, 0, 72)
(0, 0, 84)
(0, 0, 96)
(0, 0, 108)
(0, 0, 120)

(40, 0, 0)
(40, 0, 12)
(40, 0, 24)
(40, 0, 36)
(40, 0, 48)
(40, 0, 60)
(40, 0, 72)
(40, 0, 84)
(40, 0, 96)
(40, 0, 108)
(40, 0, 120)
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Table 4.8 - Resulting stresses and the inner and outer edge of the element.

Stress at Inner Edge [MPa]
BC 1
BC 2
520.78
615.78
593.30
597.35
649.34
654.25
668.48
674.43
674.69
681.34
678.80
687.11
687.62
694.12
694.58
694.89
709.27
710.44
728.79
735.87
582.03
822.66

x [mm]
0
12
24
36
48
60
72
84
96
108
120

Stress at Outer Edge [MPa]
BC 1
BC 2
18.71
18.71
26.32
26.25
39.74
39.51
47.04
46.89
49.38
49.74
49.98
51.19
50.51
51.97
49.74
51.37
44.44
45.96
30.04
30.77
19.54
19.54

Table 4.8 above results in the residual stress patterns presented in Figure 4.12 and Figure 4.13
below.

Stress Distribution at Inner Edge
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BC2 - 2 fixed points

500
400

BC1 - 1 fixed point

300
200
100
0
0

20

40

60

80

100

120

z [mm]
Figure 4.12 - Residual stress distribution at the inner edge of the element.
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Stress distribution at Outer Edge
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Figure 4.13 - Residual stress distribution at the outer edge of the element.

4.1.2.6 Resulting Residual Stress Pattern from the Numerical Analysis
The numerical analysis results in the following residual stress pattern for the element.

Figure 4.14 - Obtained residual stress pattern for S690QL.
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4.2 Experiment
The outcome of the experimental results is presented in the following diagrams and tables.
4.2.1 Maximum Temperatures, Strains and Stresses
The maximum values obtained during the experiment are presented in the following table. As
mentioned before, thermocouple 1 is the one placed closest to the weld and thermocouple 2 was
placed at a longer distance from the weld, see Figure 3.12.
Table 4.9. Results from the experiment; maximum values obtained during the tests.

Specimen

Total
time
[s]

Maximum temperature in
thermocouple 1
[°C]

Maximum temperature in
thermocouple 2
[°C]

CP1

2239.38

584.07

457.93

CP2

3236.78

643.11

455.81

CP3

1683.38

486.22

387.28

Maximum strain
[μm/m]

Maximum stress
[MPa]

-1272.26 (compression)

-267.17 (compression)

1194.41 (tension)

1227.38 (tension)

250.83 (tension)

257.75 (tension)

To be able to analyse and compare the results from the experiment with the results from the numerical analysis in Abaqus, the temperature was assumed to act linearly during the cooling time.
The curves in the diagrams (in the figures below) were extended with the same slopes until the
temperature had reached room temperature, which is set to 20°C in this study. When extending the
curves, the following result was obtained:
- CP1 reached 20°C after 4750 seconds
- CP2 reached 20°C after 4500 seconds
- CP3 reached 20°C after 4000 seconds
The strain and the stresses after 4 750 seconds, 4 500 seconds respectively 4 000 seconds were
calculated, and their curves were extended as well. The obtained result is presented in the table
below, and the diagram that show the curvatures in the following figures.
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Table 4.10 - Time until the specimens have cooled to room temperature, and corresponding strains and stresses.

Specimen

Time until it
reached 20°C
[s]

Strain at 20°C
[μm/m]

Stress at 20°C
[MPa]

CP1

4 750

-902.20

-189.46

CP2

4 500

-806.41

-169.35

CP3

4 000

382.48

80.32

Figure 4.15 - Temperature over time for the three specimens; thermocouple 1
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Figure 4.16 - Temperature over time for the three specimens; thermocouple 2

Figure 4.17 - Strains over time for the three specimens, with the result from the compensation strain gage included

67

Figure 4.18 - Stresses over time for the three specimens

The dimensions before and after welding are shown in the following tables. The values are presented both in millimetres and in percentage, where plus-sign indicates an increase in the dimension and minus-sign a decrease in the dimension. The increasing or decreasing in percentage is
calculated according to the following equation:
𝐿𝑓𝑖𝑛𝑎𝑙 −𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝐿𝑓𝑖𝑛𝑎𝑙

∗ 100

Eq. 4.1

Table 4.11 - Comparison between the dimensions of the steel plates before and after welding

Label

Initial
length
[mm]

Final
length
[mm]

Diff
[mm]

Initial
width
[mm]

Final
width
[mm]

Diff
[mm]

Initial
thickness
[mm]

Final
thickness
[mm]

Diff
[mm]

CP1,1

119.75

119.19

-0.56

39.93

40.09

0.16

4.01

4.15

0.14

CP1,2

118.76

118.74

-0.02

39.20

39.25

0.05

3.97

4.28

0.31

CP2,1

120.13

120.29

0.16

40.38

40.47

0.09

4.00

4.23

0.23

CP2,2

119.95

119.99

0.04

40.10

40.13

0.03

4.00

4.14

0.14

CP3,1

120.05

120.23

0.18

40.00

40.07

0.07

4.02

4.18

0.16

CP3,2

119.84

119.73

-0.11

40.36

40.29

-0.07

4.02

4.25

0.23
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Table 4.12 - Summary of the difference in dimensions before and after welding in percentage

Label

Difference in length
[%]

Difference in width
[%]

Difference in
thickness [%]

CP1,1

-0.47

0.40

3.37

CP1,2

-0.02

0.13

7.24

CP2,1

0.13

0.22

5.44

CP2,2

0.03

0.07

3.38

CP3,1

0.15

0.17

3.83

CP3,2

-0.09

-0.17

5.41
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5 ANALYSIS AND DISCUSSION
5.1 Boundary Conditions
From the numerical analysis one can conclude that the difference between the resulting temperatures and stresses in the centre of the element is almost non-existing. Therefore, boundary conditions do not seem to be as crucial for the results as expected. However, when comparing the resulting stresses along the inner and outer edges, there are differences between the results in the
beginning and end of the element at the inner edge, as shown in Figure 4.12 and Figure 4.13. The
difference is only to be seen in the inner edge due to the placement of the fixed points. In BC 2, in
which two points are fixed, the stresses increase closer to the edges. For BC 1, in which the element
has one point in the middle that is fixed, the stresses decrease with approximately the same gradient
as the increase for BC 2. The increase of stresses in BC 2 is concluded to be reasonable since the
fixed supports will increase the stresses at the ends. Furthermore, the gradient of the stresses in the
end of the element is larger compared with the gradient in the beginning. A possible reason for
this may be that the element elongates due to the welding process. Initially, the element is in room
temperature and when the welding process commence, the material will elongate due to the temperature changes. Moreover, when the electrode approaches the end of the material, the whole
element will have been heated up due to conductivity. The material will therefore be more sensitive
towards transformation in the body towards the end of the process. As the welding process concludes, the fixed point will result in high tensile forces in the end of the inner edge due to the
tendency to elongate in that specific point.

5.2 Temperature
Comparing the results from the numerical analysis with the experimental work, the temperature
histories varies. Relating the maximum temperature obtained during the physical experiment with
the corresponding maximum temperature in the same point in Abaqus, the maximum value is more
than fifty percent smaller than the experimental value, as seen in Table 5.1. However, relating the
temperature curves by comparing Figure 4.3 to Figure 4.5, Figure 4.15 and Figure 4.16, the temperature and time relationship are similar. Comparing the results with the theory, the resulting
temperature curves are very similar to the histories concluded by Xiao (2017), as to be seen in
Figure 2.21. The experiment is easily comparable, since the maximum temperature and the cooling
time is very similar to the result presented by Xiao (2017). Moreover, the temperature from the
numerical analysis are similar in curvature to the previously mentioned theory. According to the
theory presented by Pierre-Jean Cunat (The Chromium File, 17 June 2003.) the maximum temperature in the heat source of a GMAW is in the interval 6 000 – 8 000°C. Similar temperatures were
reported in Table 4.3 and Table 4.4. The point of evaporation for steel is far below this interval,
therefore it is unlikely that the high temperatures obtained in the numerical experiment are valid.
The efficiency of the welding process and the heat input is in this study put to 0.8 as recommended
by SSAB. The efficiency may however vary depending on the plate thickness and the weld size.
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Therefore, the efficiency used might have been too high for this specific study. This could explain
the difference between the numerical and experimental results. However, there can be other motives that causes the large difference in maximum temperature between the numerical and practical
experiment. One possible reason for the difference may be the shape or the size of weld pools. In
the numerical experiment, the size and the position of the weld pool were assumed from previously
known studies. Comparing the position of the weld pool between the analyses, it can be seen in
Figure 3.19 that the weld pool in the practical experiment was not centred in the corner of the
profile. Therefore, the eccentricity of the centre of the weld pool could cause different temperature
distribution than the one obtained in the numerical analysis. The eccentricity will most likely result
in higher temperatures in the bottom plate and reduced temperatures in the upper plate, in which
the thermocouples were placed. Since the maximum temperature is very concentrated in a small
area, the difference due to the position of the weld pool may lead to significant differences in the
temperature distribution. Therefore, to compare the maximum temperature between the experiments could be misleading, if one does not take the eccentricity into account. Moreover, as presented in Figure 2.21 and Figure 2.22, in the experimental investigation completed by Xiao (2017),
the thermocouples were placed on the opposite side of the weld. Therefore, the resulting maximum
temperatures were smaller than if the measuring equipment were placed on the same side as the
weld due to the proximity of the heat source. When focusing on the microstructure of the weld and
the know peak temperatures for each zone in the weld, thermocouple 1 and point E are not in the
same zone. Even though, the thermocouple and the point are at the same position in theory, thermocouple 1 is in the partially grain-refined HAZ whilst point E is in coarse-grain HAZ. This fortifies the theory of the sizable impact of the eccentricity of the weld pool in the practical experiment.
The ambient temperature was defined as 20°C in the numerical analysis and also measured to 20°C
in the laboratory. Therefore, a conclusion can be made that the difference between the analyses are
not due to different room temperature.
Comparing the cooling time, t8/5, obtained in the numerical analysis with the theoretical value,
the cooling time in the numerical analysis is 20 % longer. However, according to Dillinger (2016),
the theoretical value can differ up to 10 % since the formula is based on some assumptions. The
difference between the cooling times can be a result from a weakness in the extrapolation. Since
the difference is rather small, the difference is not assumed to be an indication of an incorrect
extrapolation. However, a ten percent difference may be explained by the extrapolation. A cooling
time for the physical experiment cannot be decided, since the temperature in either of the thermocouples reach 800°C.
The following table provides a comparison between the numerical analysis and the practical experiment. The maximum temperature at the placement of the thermocouples and the maximum
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stress at the placement of the strain gage are compared. The placement of the thermocouples corresponds with point E and H in Abaqus and the placement of the strain gage with point K.
Table 5.1 - Comparison between maximum values.

Maximum Values
Specimen

Abaqus – BC 1
Abaqus – BC 2
Experiment – CP 1
Experiment – CP 2
Experiment – CP 3

Maximum Temperature [°C]

Maximum Stress [MPa]

Thermocouple 1/
Point E

Thermocouple 2/
Point H

Strain Gage/ Point K

1 223.69
1 221.17
584.07
643.11
486.22

642.28
642.11
457.93
455.81
387.28

49.98
51.19
-267.17
250.83
257.75

5.3 Residual Stress Pattern
The obtained residual stress patterns are different from previous studies. Focusing on the numerical
analysis, the resulting residual stresses has a pattern not obtained in any of the theory presented in
this study. In both analyses completed in Abaqus, tensile stresses are obtained in both the corner
of the cross section and the outer edge, whilst compressive stresses are obtained in the middle of
the cross-section plate. Moreover, the patterns for BC 1 and BC 2 are in equilibrium as previously
stated. Compared to BSK 07, which provides a pattern for I-sections, the relationship of the tensile
stress in the corner, provided by BSK 07 in Figure 2.6, strongly corresponds with the relationship
from the results. The width of the tensile zone according to BSK 07 is 1.5tf, which the numerical
analysis also resulted in. In that matter, the results strongly correlate. However, the residual stress
pattern for I-sections is not directly applicable on L – sections since large tensile stress in the corner
and wide compressive area at the flange will result in moments. Therefore, if the BSK 07 pattern
would be directly applied on L-sections, the stresses in the plates would not be in equilibrium. For
the stresses to be in equilibrium for this type of section, tensile stresses at the outer edge of the
plate would be necessary. The stress pattern according to BSK 07 would then be similar to the
stress pattern obtained in the numerical analysis. However, there is yet no residual stress pattern
for L-sections in BSK 07 and it is therefore not possible to compare.
Furthermore, comparing the residual stress patterns between the numerical analysis and ECCS, the
pattern for universal mill plates presented in Figure 2.8 corresponds well with the results from
Abaqus. Furthermore, comparing with the results from the study completed by Ban et. al (2001),
the pattern is similar but opposite. This may be that the study is based on larger and thicker cross
sections, whilst this study concerns small cross sections and thin plates. Furthermore, the cross
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sections studied by Ban et. al (2001) are hot rolled. Moreover, according to the ECCS pattern, the
residual stress pattern differs between different formation methods. Therefore, the difference between analyses in this study, and also between the theories, may be due to the fact that different
fabrication methods could have a significant influence on the residual stress pattern.
Another factor that can influence the residual stress pattern may be the thickness. Ban et. al (2001)
concludes residual stress factors for several different cross sections and thicknesses. The thinnest
thickness analysed in that study was eight millimetres thick. Additionally, the previously made
conclusions presented in the theory chapter are all made for larger plate thicknesses. Since this
study is focused on a thin plate, it might not behave the same as plates with more common thicknesses. Though, the effect of different thicknesses is not analysed in this study it might have had
an influence on the result. The b/t -ratio in this study is smaller than the lowest ratio, eleven, provided by Ban et. al (2001). Therefore, it is not certain that the obtained result in that study is
applicable on this study.
As presented in chapter 2.1.1, high performance steel undergoes several phase transformations
during a heating process. This is not the main focus of this thesis, but it should be mentioned that
phase transformations during welding may have an impact on the residual stress pattern. Since the
welding process entails a moving heat source, the process will lead to differing phases and phase
transformations in the material at the same time. This on its own produce residual stresses in the
element.
The obtained pattern from the numerical analysis also resembles the pattern proposed by Cherenenko & Kennedy (1990) and McFall & Tall (1969), due to the tensile stresses at the outer edge.
The residual stress distribution for universal mill plates, from ECCS (Figure 2.8), also provides
similar distribution. The obtained compressive stress is larger than the provided by ECCS. Furthermore, the obtained tensile stress at the outer edge of the cross section is close to 70 percent
smaller than in ECCS. The cause for differing patterns may be differing cutting methods. As previously mentioned, there are many factors that impacts the resulting residual stress pattern, it is
therefore problematic to evaluate the validity of any residual stress pattern. However, for the material properties and parameters defined in the numerical analysis, this residual stress pattern appears valid.
Comparing the obtained residual stress pattern with the pattern presented by Nagaraja Rao et. al
(1964) in Figure 2.15, the patterns strongly correlate. As in some of the previously mentioned
theories and in the numerical analysis, the pattern provided has tensional stresses at the outer edges.
The stresses obtained in the numerical analysis are however much smaller than the given pattern
from Nagaraja Rao et. al. In Figure 5.1, the residual stress patterns are put side by side, to simplify
for comparison. The magnitude of the tensile stresses obtained are almost half the size of the
stresses provided. A reason for this difference may be differing manufacturing methods or the
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cause of differing material strengths. If the stresses at the outer edge, presented in Figure 4.13, are
compared with the stress at the outer edge in the theory, the derived stress along the length of the
element strongly correlate with 0.15fyk. The derived stress along the length is approximately 35
MPa, which is the same as provided by Nagaraja Rao et. al (1964).

Figure 5.1 – The right figure illustrates the obtained residual stress pattern for S690QL from the numerical analysis,
and the left figure illustrates the residual stress pattern for S235 provided by Nagaraja Rao et.al (1964).

Putting the results from the numerical analysis and the practical experiment in relationship to one
another, the results are differing. However, the measured results for CP3 correspond mostly with
the results from the numerical analysis in Abaqus, and the theory concluded is that CP3 gave the
most correct results since it is the most comparable to already existing theory and previous studies.
Moreover, since the strains are measured in only one certain point, it is not possible to implement
the results as a cross sectional stress pattern. The analysis on the experimental results is therefore
only concerning strains in one point; the point on the outer edge where the strain gages were placed
on the specimens.
For the experiment, the stresses at 20°C are (as shown in Table 4.10)




σc = -189.46 (compression) MPa for CP1
σc = -169.35 (compression) MPa for CP2
σt = 80.32 (tension) MPa for CP3

Since the resulting stress patterns obtained in the study performed by Ban et al., (2012) presumes
compressive residual stresses at the edge of the steel plate (Figure 2.9), the result obtained for CP3
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in this study is not comparable to the stress pattern by Ban et al., (2012). However, the results from
CP1 and CP2 (compressive residual stresses at 20°C) are interesting to compare to the stress pattern. What must be noticed is that the only position possible to compare from the experiment is the
position of the strain gage, and since the study performed by Ban et al., (2012) was based on the
relaxation method (where the net residual strains are measured from sectional strips), the results
might differ when only looking at the point where the strain gage was placed. If following the
calculations according to Eq. 2.1 (Ban et al., 2012), the following result is obtained:
β1 = -0.19
β2 = 0.21
β1·fy = -0.19·690 = -131.1 MPa
Since the compressive residual stresses obtained during this study are -189.46 MPa and -169.35
MPa for CP1 and CP2 respectively, a comparison to Ban et al., (2012) - for a yield strength of 690
MPa - shows that the results in this study are 31 % bigger for CP1 and 23 % bigger for CP2. The
compressive residual stress factor, β, multiplied with the yield strength does not correspond to the
compressive residual stresses obtained in this study (-131.1 ≠ -169.4 and 189.5). One might conclude that the residual stresses are in equilibrium if the tensile residual stresses have the same
relation to the compressive residual stresses as in Figure 2.9, even though they do not correspond
to the relation given in terms of β·fy. Another possible reason to the differences might be, as mentioned previously, that the study performed by Ban et al., (2012) was based on the relaxation
method. Comparing the relaxation method with the strain gage method, the strain gage method
seems to be the better alternative since the relaxation method results in strains over a length and
the strain gage method in a specific point. However, a disadvantage of the strain gage method
could be the influence of the position of the strain gage. Depending on which way the material
deforms, the strain gages will be in tension or in compression. Therefore, the position of the strain
gage and if the material bends up- or downwards may lead to differing results. The differencing
signs between the strains obtained in the experiment may therefore be explained by the deflection
of the outer edge and not necessarily the actual resulting strain.
Referring to Figure 2.8, the values presented as -0.3·fy, -0.5·fy respectively -0.75·fy are compared
with the results obtained in the experiment (stresses at 20°C), which can be seen in Table 4.10.
The values in ECCS indicates, for a yield strength of 690 MPa:
-0.3·fy = - 207 MPa
-0.5·fy = - 345 MPa
0.75·fy = 517.5 MPa
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Which are to be compared to the stresses obtained in the experiment:
σc = -189.46 (compression) MPa for CP1
σc = -169.35 (compression) MPa for CP2
σt = 80.32 (tension) MPa for CP3
The compressive residual stresses obtained in CP1 (-189.46 MPa) might be reasonable to compare
with -207 MPa, but since the stresses from the experiment only are measured in one certain point,
it is difficult to predict a stress pattern for the whole section. The other values do not correspond
with the stresses obtained in the experiment, or at least they differ in a larger scale than for CP1.
One possible reason that can describe why they do not correspond is that the stress patterns in
ECCS are based on H-sections, and they might behave in a different way than the tested coupons,
which was L-sections.
The tensional residual stresses at the outer edge obtained in CP3 are, as well as for the numerical
analysis, reasonable to compare to the resulting stress patterns proposed by Cherenenko &
Kennedy (1990) and McFall & Tall (1969), but due to the lack of cross sectional stress patterns
from the experimental results, no further analysis is conceivable. If comparing the experimental
results to the study performed by Nagaraja Rao et al. (1964), the only specimen reasonable to
compare is CP3, since it resulted in tensional residual stresses at the outer edge (80.32 MPa). The
residual stress pattern found in the study predicts tensional residual stresses at the outer edge with
a magnitude of 0.15·fyk, which is 103.5 MPa for steel S690QL. Comparing this value to the experimental results it can be seen that value provided in the study is 22 percent bigger than the value
obtained in the experiment, which might be explained by differencing yield strengths, manufacturing methods or cross sectional dimensions.
The following table, Table 5.2, provides a comparison between the numerical analysis and the
experiment. The maximum cooling time and the stress in point K are compared with the experimental results.
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Table 5.2 - Cooling time and corresponding stresses, comparison between practical and numerical analyses.

Cooling Time and Corresponding Stresses
Specimen

Time to reach 20°C [s]

Stress at 20°C [MPa]

1 811
1 830
4 750
4 500
4 000

49.98
51.19
-189.46
-169.35
80.32

Abaqus – BC 1
Abaqus – BC 2
Practical – CP1
Practical – CP2
Practical – CP3

5.4 Compensation gage
The curvature for the strains indicated by the compensation gage looked similar to the primary
strain gage once the slope had begun to stabilize and even out, which can be seen in Figure 4.17.
The behaviour of the compensation gage was as expected, which was a curvature similar to the
primary strain curve, meaning that it can be concluded that the impact of the strains due to only
the effect of direct heat from the welding is insignificant.

5.5 Induced Deformations
Referring to Table 4.11 and Table 4.12, there is no remarkable change of the length and width.
One possible reason to the small changes that were measured might be because the measurements
before and after welding were taken at different points on the steel plates. Neither can any pattern
be seen regarding whether the length and width had increased nor decreased (plus- or minus sign
in Table 4.11). The thickness differs in a larger scale than the length and width, and a possible
reason why is that the measuring was taken in the middle of the plates, where the steel is more
likely to contract due to cooling of the material, and therefore the material might increase in thickness in that area.

5.6 Radiation and Heat Protection
There is a possible reason that the brass plate reduced the radiation impact, but also that it made it
more difficult for the heat from the welding to reach the covered devices. Looking at the maximum
temperature and maximum stresses obtained in the experiment, CP2 - which was not covered with
the brass plate – had both the highest temperature and the highest maximum stress (compression
stresses). A possible reason why CP2 received the highest temperature might be because the devices (thermocouples and strain gage) was not covered with the brass plate and therefore was lacking resistance against direct heat from the welding.
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Referring to Figure 4.18, one can see that CP3 was predominated by tensile residual stresses, which
is distinctive from CP1 and CP2. When welding relatively slender plates, there is quite common
to have buckling that is induced by welding. Looking at the measured results, one possible reason
to the pervading tensile residual stresses at CP3 can be that welding induced buckling did occur
and that the strain gage was placed on the tensile side of the plate, which also concludes that the
state of stress is not pure compression since both bending and compression occurred.
The brass plate and the support magnet were not used consequently during the experiment, where
them both were only used on two out of three specimens. There will always be variations regarding
those kinds of things during experiments, but it would still be interesting to see in what scale this
might have affected the results. There is a possibility that the brass plate had a significant impact
on both the radiation and whether the heat from to welding directly affected the devices, but it is
difficult to say with only three specimens that also indicated different results. If a larger number
of specimens would have been used, and if the brass plate and support magnet would have been
used more consequently during the tests, the chance would have been bigger of finding and confirm a pattern regarding temperatures, stresses and the impact of radiation.
Comparing the experiment with the numerical analysis, emissivity was defined as 0.7 in Abaqus.
The value of emissivity in the lab is not known and there is consequently a possibility that it differs
from the numerical analysis. Therefore, a possible cause for differing results between the experiment and the numerical analysis may be the impact of radiation. However, the emissivity value
used in the numerical analysis is based on measurements from previous studies. The difference
between emissivity values should therefore not be of significance.

5.7 Margin of Error
As mentioned in chapter 3.2.3, 1 μm/m might be considered as a margin of error in the strain gages.
Even if the margin of error would be taken into consideration, there would not be any difference
in the results and the conclusions would still be the same in this study. The results from the three
different specimens would have needed to be similar in a way larger scale to be able to say that
the margin of error would have any impact on the results.

5.8 Error Factors


The cooling time was too short, both during the experiment and in the numerical analysis
in Abaqus. From a comparison perspective, the stresses obtained when the steel had cooled
to a temperature of 20°C was the most relevant values in this study. In both the experiment
and in Abaqus, assumptions were made regarding the time-temperature and time-stress
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curvatures from the results, where the curvatures were assumed to act linearly during cooling time and were therefore extended manually. The outcome might have differed if the
whole cooling time had been taken into consideration in both the experiment and in
Abaqus.


The arrangement regarding how the specimens were positioned during the welding in the
experiment differed from how the steel plates were arranged in Abaqus. During the experiment, the specimens were placed with one plate horizontally and the other plate vertically,
while the plates were placed forming a “V” in Abaqus, which can be seen in chapter 3.1.1.2.
This might have affected the position of the weld pool – causing some differences due to
eccentricity. The affections of eccentricity are more deeply described in chapter 5.2.



Tests will always have some variations, and regarding this experiment the brass plate and
the support magnet are details that might have affected the results. The brass plate and the
support magnet used during the experiment should have been used more consequently.
When only using the brass plate on two out of three specimens, it is difficult to actually see
a pattern regarding its impact on radiation and/or heat protection, see chapter 5.6. The magnet for support can also be an error factor because it is difficult to analyse whether it affected the boundary conditions or not when it was only used on two out of three specimens.
Except from these details mentioned, the tests are seen as identical; the same steel, size,
shape, welding method, welding speed and heat input were used in the experiment.



The weld pool (see Figure 2.18) consists of dimensions that are taken from literature. The
outcome of this study might have looked different if other dimensions should have been
used. Different dimensions on the weld pool are not considered or compared during this
study, but it would have been interesting to see if the size of the weld pool would cause
any differences in the results.



Tools used during the experiment – for example calliper and micrometre – might have
some margin of errors due to calibration. The devices used during the experiment can also
be questioned, especially the wire connection to the computer and/or the strain gages who
lost the connection a several times during the tests.



Convection may have an influence on the volumetric heat flux. Therefore, differencing
resulting temperatures between the numerical and physical experiment may be the reason
of the limitation made to exclude convection from the numerical analysis.
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5.9 Recommendations for Future Work
Since this study were limited in several aspects, for instance from phase transformation and deformations, this study can be used as a reference if the limitations would be included in a future work.
Recommendations for future work are listed below.


More experiments and/or usage of a larger number of specimens are recommended. Consider the affection of boundary conditions and position of the weld pool when choosing the
positioning of the specimens. More experimental results would enable more stress patterns
to be used in a comparison perspective and might also confirm possible stress patterns for
a thin plate made of high performance steel.



Let the specimen cool to ambient temperature in both the numerical analysis and during
experiments. To let the analyses – both numerical and experimental – cool the whole time
until they have reached room temperature will hopefully make the results more comparable, and less assumptions would be required.



It would be interesting to include phase transformations in the research, and therefore enable a more profound study regarding the metallurgy of a welded joint and its surrounding
areas.
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6 CONCLUSIONS
This thesis concludes the following:
It is possible to do a numerical model of a welding process in Abaqus. The model was able to
predict both stresses and deformations due to a moving heat source.
Despite many differing residual stress patterns in existing theory, the obtained stress pattern for Lprofiles with thin plates of S690QL steel from the numerical analysis is seen to be valid and is to
be found in Figure 4.14. The magnitude of the residual stresses is as large as or smaller than in the
mentioned existing theory.
The efficiency of the heat input should be adjusted when doing numerical simulations. The adjustment should be made considering the plate thickness and weld size.
Boundary conditions do not influence the residual stresses in the middle of the element. However,
it has an impact on the stresses at the edges were the welding process commence and concludes.
The result from the experiments are presumed to be valid. Therefore, a conclusion can be made
that it is possible to use a non-destructive method to determine residual stresses. Strain gages could
be used complementary to the relaxation method.
The cooling time obtained in the numerical analysis is comparable with the theoretical value for
normal operating condition.
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8 APPENDIX Ι – Script for DFLUX Subroutine
SUBROUTINE DFLUX(FLUX,SOL,JSTEP,JINC,TIME,NOEL,NPT,COORDS,
1 JLTYP,TEMP,PRESS,SNAME)
INCLUDE 'ABA_PARAM.INC'
DIMENSION FLUX(2), TIME(2), COORDS(3), wstart(3), wend(3)
CHARACTER*80 SNAME
REAL t,xt,yt,zt,tweld,Vweld,Tstart,Tend
REAL Q,a,b,cf,cr,pi,m,k
INTEGER n
C
n=1 ! Number of passes
C _______________________________________
t=time(2)
tweld=85
Tstart=0 !Welding start
Tend=Tstart+tweld !Welding stop
Vweld=0.00141 !1.41mm/s Lweld=120 mm
C
! Ellipsoidal heat source
b=0.006
c=0.0025
a1=0.003
a2=0.010
pi=4*atan(1.0)
Q=3640 ! Joule/s
C _______________________________________
C
! welding start point
C
wstart(1)=0
wstart(2)=0.0015
wstart(3)=0.0
C
wx=wstart(1)
wy=wstart(2)
wz=wstart(3) + Vweld*t
C
xt=coords(1)
yt=coords(2)

F

zt=coords(3)
C
! welding end point
C
wend(1)=0
wend(2)=0.0
wend(3)=0
C
IF(t.GE.Tstart .AND. t.LE.Tend) then
m=exp(-3*((xt-wx)**2/(cf)**2+(yt-wy)**2/(a)**2+(zt-wz)**2/(b)** 2))
k=exp(-3*((xt-wx)**2/(cr)**2+(yt-wy)**2/(a)**2+(zt-wz)**2/(b)** 2))
Flux(1)=(6*1.732050808*Q)*(((1.4)/cf)*m+(0.6/cr)*k)/(pi*sqrt(pi)*(a*b))
ELSE
FLUX(1)=0
WRITE (*,*) 'called now'
end if
END SUBROUTINE
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9 APPENDIX ΙΙ – Tables of Predefined Data: Conductivity and
Specific Heat
Temperature dependent conductivity
Temperature, T [°C]
20
40
60
80
100
150
200
250
300
350
400
450
500
550
600
650
700
750
799
800
850
900
1000
1100
1200
1300
1400
1500
1600
1700
1800

Conductivity, 𝜆 [W/mK]
53.33
52.67
52.00
51.34
50.67
49.01
47.34
45.68
44.01
42.35
40.68
39.02
37.35
35.69
34.02
32.36
30.69
29.03
27.39
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3

H

Temperature dependent specific heat
Temperature, T [°C]
20
40
60
80
100
150
200
250
300
350
400
450
500
550
599
600
650
700
734
750
800
850
899
900
1 000
1 100
1 200
1 300
1 400
1 500
1 600
1 700
1 800

Specific heat, 𝐶𝑎 [W/mK]
439.80
453.36
465.78
477.16
487.62
510.42
529.76
547.31
564.74
583.71
605.88
632.92
666.50
708.28
758.78
760.22
813.75
1 008.16
3 916.50
5 000.00
1 482.89
803.26
694.75
651.07
650.00
650.00
650.00
650.00
650.00
650.00
650.00
650.00
650.00
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