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Populärvetenskaplig Sammanfattning
Nyckelord: svets; beräkning; svetsprocedur; svetsegenspänning
En svetsprocedur är det dokument som beskriver för en svetsare hur hen ska
göra ett specifikt svetsförband. Vid smältsvetsning leds värmeenergin från
smältbadet (flytande grund- och tillsatsmaterial) ut i metallen, vilket orsakar
snabba förändringar av metallegenskaperna under en snabb växelverkan. Målet
med denna studie är att beskriva hur en förbättrad beräkningsmetod kan bidra
till att uppnå mer verklighetstrogna värden på de spänningar som uppstår i en
konstruktion i samband med smältsvetsning. Detta är en värdefull kunskap då
man ska utveckla en ny svetsprocedur.
I den nya beräkningsmetoden som baserar sig på Finita Element Metoden
(FEM) används alla spänningar från den första till och med den sista
svetssträngen i samma beräkningsmodell. Beräkningsmodellen tar hänsyn till
både mekanik och värme för att det invecklade förhållandet mellan värme och
expansion ska fångas upp i beräkningen.
Beräkningen berättar om hur lång tid det tar för den flytande svetsmetallen att
stelna, hur stora deformationer man får samt hur stora spänningar man får i
konstruktionen. Dessa så kallade svetsegenspänningar orsakar vid olyckliga
omständigheter sprickbildning och därför kan beräkningen även berätta om hur
stor risk det är för att konstruktionen spricker vid en överbelastning.
Den svetsprocedur som i huvudsak har använts under detta forskningsprojekt
kommer från projektet IIW RSDP Round Robin Phase II vilket har utförts av
International Institute of Welding (IIW). Vilket har genomförts för att skapa
underlag till forskare som intresserar sig för svetsegenspänningar.
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A welding procedure specification is the document describing how a weld joint
should be constructed. Arc weld processes are characterized by transient
thermal behavior, leading to rapid changes in material properties and dynamic
interaction between weld and base material. The objective of the project is to
explore how the use of an improved CWM-platform affects representative stress
and strain fields in order to assess welding procedure qualification records. For
this project, the accumulated thermal and mechanical influences from the first
run to the final run are brought forward, in one and the same meshed
geometrical model. Both the thermal and mechanical material model of the
platform are designed to be used for modelling of the base- and weld material,
promoting the simulation of the intricate combination of the thermal, elastic,
and plastic strains on the plastic strain hardening and the formation of residual
stress fields. The output of the simulation is mainly weld cooling times, residual
stresses, and deformations. This analysis is taken further by examining how
residual stresses influence crack driving force under elastic and plastic loading.
In addition, the output from the simulations can be used to assess the realism of
the proposed welding parameters. The main experimental welding procedure
examined comes from the IIW RSDP Round Robin Phase II benchmark
project, where the main aim was to benchmark residual stress simulations. This
work was found to contain many applicable challenges of a CWM-analysis
project.
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Introduction

This chapter describes and explains the main aim of the thesis, my research
question, the scope and limitations of the research activities carried out, and the
research methodologies used.

1.1 Thesis structure
This thesis explains how welding procedures can be assessed using numerical
simulation. The simulation procedure is described step by step, and the
influence of various factors, such as material properties and heat, is analysed.
This thesis also examines the results of the simulation, including residual stresses
and deformations, with special attention to how residual stresses influence crack
driving force under elastic and plastic loading. These results can be used to
assess the practicality of the proposed welding parameters.
The main experimental welding procedure discussed comes from an IIW Round
Robin exercise where the main aim was to benchmark residual stress simulations
[1 - 3]. This work is applicable to many of the challenges of a computational
weld mechanics (CWM) analysis project. This thesis also examines a procedure
where an in-service weld repair is performed on a structure with flowing media
on the reverse side of the plate [4].

1.2 Research questions
The following research questions have been formulated:
- How can an improved CWM-platform contribute to representative weld
induced stress and strain fields to be used for assessment of welding
procedure qualification records?
- How will the modelling of the weld process influence the CWM-results?
- Will the use of authentic mechanical material data for both the base and the
weld material exert a noticeable influence on the CWM-results?
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1.3 Limitations of this thesis
The thesis is limited to:
The thermal and mechanical assessment process of solution annealed austenitic
stainless steel when one has a well-defined description of the weld joint’s global
and local geometry, base material combination, intended manufacturing process,
and acceptance criteria in combination with its intended purpose.
Quasi static elastic plastic fracture mechanic analyses of the smallest detectable
crack sizes in weld joints that one can detect by the use of conventional nondestructive examination methods [5].

1.4 Research methodology
The research methodology uses systems engineering, which is a holistic
interdisciplinary approach and means to enable the realization of successful
systems. From this a system is constructed by relating and connecting different
elements to each other in such a manner that they together produce an added
value greater than the sum of all its contributing elements. In simple terms, the
approach consists of identification and quantification of system goals, creation
of alternative system design concepts, performance of design trades, selection
and implementation of the best design, verification that the design is properly
built and integrated, and post-implementation assessment of how well the
system meets the goal [6].
This high level research process is illustrated with the use of a POCIS (Process,
Outputs, Customers, Inputs, and Suppliers) tool, which is a diagram used to
visualise and facilitate the understanding and identification of relevant process
inputs and outputs for each sub-process of a system, see Figure 1.1.

Figure 1.1

Illustration of a POCIS-diagram presenting the high-level process of
CWM-analysis
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2

Acronyms and nomenclature

2.1 Introduction
This chapter contains the acronyms and nomenclature used in the thesis. All
units are in accordance with system international (SI-units) i.e. meter, gram,
Newton and Joule etc. Decimal values are described with a decimal point e.g.
the value 1·10-3 is written as 0.001.

2.2 Acronyms
CE

=

Carbon Equivalent (according to IIW formula CEIIW)

CWM

=

Computational Welding Mechanics

CDF

=

Crack driving force

CTOD

=

Crack tip opening displacement

2D

=

Two dimensional

3D

=

Three dimensional

FAT

=

Fatigue class

FCAW

=

Flux Cored Arc Welding

FEA

=

Finite Element Analysis

GMAW

=

Gas Metal Arc Welding

GTAW

=

Gas Tungsten Arc welding

R&D

=

Research and Development

HBN

=

Hardness Brinell

HV

=

Hardness Vickers

IIW

=

International Institute of Welding

ISO

=

International Organization for Standardization

M/S

=

Motor Ship

NDT

=

Non-destructive testing

NPP

=

Nuclear Power Plant

POCIS

=

Process, Outputs, Customers, Inputs, and Suppliers

RS

=

Residual Stress and Strain
3

SI

=

International System of Units
(Systéme International d'Unités)

SMAW

=

Shield Metal Arc welding

SMYS

=

Specified Minimum Yield Strength

UTS

=

Ultimate Tensile Strength

pWPS

=

preliminary Welding Procedure Specification

WPQT

=

Welding Procedure Qualification Test

WPQR

=

Welding Procedure Qualification Record

WPS

=

Welding Procedure Specification

WRS

=

Weld Residual Stress and Strain

DAQ

=

Data Acquisition
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2.3 Nomenclature
AW

=

weld metal area, m2

BHN

=

Brinell hardness, hardness unit

C

=

heat capacity, J/°C

CTODCDF

=

crack driving force, m

CTODmat

=

fracture resistance, m

CTODJmat

=

fracture resistance calculated from Jmat, m

Cp

=

heat capacity at a constant pressure, J/°C

c

=

specific heat, J/kg°C

d

=

diameter of indentation, m

E

=

Young’s modulus or elastic modulus, Pa

F

=

force, N

f

=

fluid

ff

=

forward fraction

af

=

aftward fraction

g

=

acceleration of gravity ( ≈ 9.81 ), m/s2

HV

=

hardness Vickers, hardness unit

h

=

tangent plastic hardening modulus, Pa

I

=

current, A

JCDF

=

crack driving force, J/m2

Jmat

=

fracture resistance, J/m2

K

=

stress intensity factor, Nm-3/2

Kmat

=

fracture resistance, Nm-3/2

KJmat

=

fracture resistance calculated from Jmat , Nm-3/2

KCTODmat

=

fracture resistance calculated from CTODmat , Nm-3/2

k

=

thermal conductivity, W/m2°C

kPL

=

apparent thermal conductivity, W/m2 °C

L

=

length, m
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Nu

=

Nusselt’s number, dimensionless parameter

n´

=

Meyer's hardness index
(fully annealed ≈ 2.5 ; fully strain hardened ≈ 2)

P

=

power, W

Pr

=

Prandtl number, dimensionless parameter

PW

=

weld heat power, W

p

=

pressure, Pa

QW

=

weld heat input, kJ/mm

QΦ3D

=

3D weld heat flux, W/m3

QΦ3Df

=

3D weld heat flux – forward fraction, W/m3

QΦ3Da

=

3D weld heat flux – aftward fraction, W/m3

QΦ2D

=

2D weld heat flux, W/m2

q

=

metal’s initial resistance to penetration

qf

=

volumetric flow of fluid, m3/s

Re

=

Reynold’s number, dimensionless parameter

Rp0.2

=

yield strength at 0.2 % elongation, Pa

Rm

=

yield strength, Pa

r

=

radii, m

T

=

temperature, °C

t

=

time, s

U

=

voltage, V

V2D

=

weld volume 2D, m3

v

=

velocity, m/s

vW

=

weld travel speed, m/s

x

=

distance in the x direction, m

z

=

distance in the z direction, m

Ø

=

diameter, m

ΔtT1/T2

=

weld cooling time between the temperatures T1 and T2, s

δ

=

thickness, m
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ρ

=

density, kg/m3

η

=

efficiency factor

α

=

coefficient of heat transfer, W/m2 °C

αh

=

apparent thermal convection of still air, W/m2 °C

β

=

coefficient of linear thermal expansion, 1/°C

βsecant

=

secant coefficient of linear thermal expansion, 1/°C

βtangent

=

tangent coefficient of linear thermal expansion, 1/°C

υ

=

kinematic viscosity, m2/s

π

=

dimensionless parameter

ε

=

strain, dimensionless rate of two lengths
also expressed in %

ε

=

engineering strain, %

e

=

true strain, %

eplas

=

true plastic strain, %

euts

=

true strain at rupture, %

σ

=

stress, Pa

σyield

=

engineering yield strength, Pa

σuts

=

engineering ultimate tensile strength, Pa

s

=

true stress, Pa

syield

=

true yield strength, Pa

suts

=

true ultimate tensile strength, Pa
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3

Background

3.1 Introduction
This project started around year 2000, some few years after the M/S Estonia,
M/S MSC Carla and M/S Erika disasters [7 – 9]. In conjunction with my work
as a marine engineer superintendent for a Swedish ship owner [10] I was in the
need of a tool at the assessment of welding procedures intended to be used at
my in-service ship repair welding operations [11].
At that time it was possible to assess an intended weld joint’s fitness for purpose
by the use of published materials algorithms e.g. [12 – 18], there one at least
need to know the weld cooling time and the chemical composition of the base
material and the weld metal. Anyhow, there was no methodology available to
predict the weld cooling time at welding on material’s affected by a forced flow
of fluid on its reverse side making it impossible to utilise all available knowledge.
Encourage by Professor Anders Ulfvarson [19], the late Dr. Olle Thomson [20]
and the poem Ithaka [21] I decided to find a scientific based solution on the
problem. As the work evolved, the welding industry on the Swedish west coast
become commercial interested of the project for the sake of repair and new
production of heavy industrial equipment. A general analytical solution to the
heat and mass transfer part of the problem was presented year 2005 [22], see
Chapter 6 of this thesis.
In year 2008 major issues related to the thermo-mechanical part of the problem
appeared in conjunction with a CWM study requested by the Swedish nuclear
power plant (NPP) Forsmark Kraftgrupp AB [23]. A weld process based CWMmaterial model was developed [24] in order to facilitate assessment of the issues
[25] and year 2012 DNV GL become the sponsor of the project [26].
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3.2 Arc welding
The first arc welding processes were patented in 1881 (Méritens), 1887
(Benardos), and 1890 (Coffin) [27 – 28], as per Figure 3.1.

Figure 3.1

Patents of Benardos (left) and Coffin (right)

In 1907, the Swedish marine engineer Oscar Kjellberg patented flux-coated
electrodes, in which the coating emits gases to protect the weld arc and weld
melt pool from the surrounding atmosphere. The coating also melts and form a
slag, which further helps to protect and shape the melt pool. Kjellberg used the
electrodes to repair riveted boilers and other broken machinery [29].
Since 1907, arc welding technology has been further developed and improved,
becoming an established process for the manufacturing, maintenance, and repair
of metal structures. Today, it is understood that the ultimate mechanical
properties of a welded joint depends upon an intricate relationship between
several contributing factors, see Figure 3.2.
In the case of small-scale test specimens, the various influences of the base
material, weld process, and its associated weld filler material are well understood
and predictable. However, the influences of weld-induced stress and strains in
combination with local weld joint geometry details are not yet fully understood
or predictable in terms of ultimate mechanical properties for full-scale
structures.

10

Figure 3.2

The relation between various variables and the mechanical properties
and distortion of a welded joint
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3.3 Computational welding mechanics
The methodology of Computational Welding Mechanics (CWM) has its origins
in the early 1970s and its roots in the disciplines of continuums mechanics and
structural integrity engineering. CWM was developed for the sake of
understanding and predicting welding-induced residual stresses (WRS) and
distortions [30]. Thanks to the development of the thermo-mechanical Finite
Element Analyses (FEA) methodology and advances in computer capacity,
CWM has become an established Research and Development (R&D) process
[31 – 32]. WRS are of great importance and value to the understanding of
fatigue [33], fracture mechanics, [34], buckling analysis [35], and distortion
predictions in the field of manufacturing engineering processes [36].
Recent overviews of CWM are presented in [37 – 40], and recent CWMstandards are discussed in [41 – 42]. Unfortunately, none provides detailed
guidelines for how one should use authentic and/or realistic material and weld
process data in simulation models in order to obtain reliable CWM-results. A
literature review of recently published papers [43 – 69] shows that there is not
one general systematic procedure for how one should model and execute CWManalyses.

3.4 Weld residual stress measurements
Parallel to the research and development (R&D) of the CWM technology there
has been R&D activities related to the measurement of residual stresses in
metallic materials. Residual stress measurement methods can be destructive or
non-destructive. The hole drilling- and the deep hole drilling method are
destructive methods that are argued to be semi-destructive. Stakeholders would
most likely accept this reasoning with an Ø 10 mm hole drilled through a
bridge’s critical structural component, the same reasoning is unlikely to be
accepted on a fighter aircraft’s structure. Overviews of the most commonly used
residual stress measurement methods are presented in the books [70 – 71].
Recently released industrial standards demonstrates that the X-ray diffraction
method is the most matured method followed by the hole drill- and strain gauge
method , and the slitting method [72 – 77]. Non-standardised residual stress
measurement methods can be qualified, calibrated and validated in accordance
with a technology qualification standard [78] or a non-destructive test
methodology qualification standard [79 – 81].
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4

Assessment of WPS

4.1 Introduction
Arc weld joints should be regarded as the result of a “Process requiring
validation” [82] because one cannot verify the weld joint’s mechanical properties
and structural integrity by solely using destructive testing. Therefore, the
manufacturing of critical weld joints should be performed by the use of a WPS
(Welding Procedure Specification) and the entire welding operation subjected to
stringent quality control, which is further described in [11].
Welding procedures can be developed and/or evaluated by different levels of
skills and knowledge, depending on the complexity of the WPS [11]:
Level I.

Professional skill, in which the selection of suitable parameters is
based on a professional welder’s skill

Level II.

Engineering knowledge, in which the selection of weld joint
geometry, bevelling angles, weld process parameters, and weld
filler material is accomplished by the use of descriptive industrial
standards and established engineering methods

Level III.

Scientific knowledge, in which the optimisation of weld joint
geometry, bevelling angles, weld process parameters, weld filler
material, and thermal and mechanical boundary conditions is
accomplished by a welding scientist using scientific methodologies
to create a functional- and performance-based WPS

13

4.2 Welding procedure specification
A WPS (Welding Procedure Specification) are the formal and detailed written
instructions to the production organisation describing how they should proceed
in manufacturing a specific weld joint to its desired quality. The exact content
and format of a WPS depends on the governing technical, contractual, and legal
framework of the structure to be welded. Some high-quality WPS standards are
detailed in [83 – 85]. They all have in common that they should be based on
satisfactory results from an experimental test welding activity, known as a
Welding Procedure Qualification Test (WPQT). The general scheme for the
qualification process is illustrated by Figure 4.1. In this figure, the Welding
Procedure Qualification Record (WPQR) is the record of all essential weld and
test data from the test welding activity.

Figure 4.1

General design and qualification scheme for a WPS [83 – 85]

Based on the data of the WPQR, numerous WPS can be produced. The
governing technical, contractual, and legal framework of the project will then
define to what extent the test results can be extrapolated. It should be noted in
this context that the WPS defines the lowest criteria for satisfactory results. This
is what makes it possible for a knowledgeable stakeholder to recommend
additional requirements for the WPQR and impose limitations on the WPS.
Examples of this can be found in [86].
In sum, one can conclude that all WPS are based on experimental weld test data
that should be documented in an underlying WPQR.
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4.3 Welding procedure qualification record
As mentioned in the previous section, a WPQR is the record of all essential
weld and test data from a WPQT. The ultimate purpose of the WPQR is to
justify the content of a WPS. Therefore, we are primarily interested in the
WPQR and how its experimental data is used to create and assess a WPS. From
there, one can identify acceptable tolerances of the WPS.
The cost to develop and qualify a WPQR for a standard pressure vessel
application should be in range of SEK 50 000 – 100 000. However, for a novel,
high-quality, and high-technology application, the R&D and qualification cost of
a WPQR can be difficult to estimate. Consider the following questions:
1 How much should a nuclear power plant be prepared to pay for a WPQR
that would prevent leakage from a nuclear reactor?
2 How much should an oil and gas company be prepared to pay for a
WPQR that would prevent oil leakage from a pipeline?
3 How much should a machinery equipment manufacturer be prepared to
pay for a WPQR that give rise to weld joints with the fatigue property
class FAT 63, FAT 90 or FAT 125 [87] in accordance with the industrial
inspection standard ISO 5817 [88]?
On the first two questions, the companies should be prepared to pay the
required costs, while avoiding unnecessary expense. However, on the last
question, the answer depends on various factors, such as technical feasibility
within the existing structural design, production equipment, complexity of
implementation, and the total expected production cost, etc. The welding
engineering department of a major manufacturer will have standardized
procedures based on prior experience that will help to reduce the time and cost
of producing a WPQR.
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4.4 Weld heat input
The weld heat input energy (QW), as stated in a WPQR, has the unit kJ/mm and
is calculated by Equation 4.1 [89]. It should not be confused with weld heat
power (PW), which has the unit W and is calculated by Equation 4.2.
Background for Equation 4.1 and the weld process thermal efficiency value (η)
is described in [90][90].
Equation 4.1
Equation 4.2

Qw = η ∙

U ∙I
v

𝑃𝑃𝑤𝑤 = 𝜂𝜂 ∙ 𝑈𝑈 ∙ 𝐼𝐼

4.5 Weld cooling time

The weld cooling time ΔtT1/T2 is an important parameter for the welding of
metal alloys as it affects the weld joint’s microstructure and, thus, its mechanical
properties. An analytic solution to the problem of arc-weld cooling time was
discovered by both Rosenthal and Rykalin, working independently. Among
welding engineers these equations are known as the “Rosenthal’s 3D- and 2Dheat flow solutions”. Equation 4.3 and Equation 4.4 should be used for thick
and thin materials, respectively. The weld heat input QW is calculated using
Equation 4.1.
Equation 4.3

∆𝑡𝑡𝑇𝑇1 /𝑇𝑇2 =

Equation 4.4

∆𝑡𝑡𝑇𝑇1 /𝑇𝑇2 =

𝑄𝑄𝑤𝑤
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The selection of the appropriate equation for an actual case may be performed
with the support of Equation 4.5. There, δ3D equals the 3D-2D heat flow minus
thickness; see Figure 4.2 [90 – 91].
Equation 4.5

𝑄𝑄

1

1

𝑤𝑤
𝛿𝛿3𝐷𝐷 ≥ �2𝜋𝜋𝜋𝜋
∙ �𝑇𝑇 −𝑇𝑇 − 𝑇𝑇 −𝑇𝑇 �
2
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Figure 4.2

The diagram indicates when it is appropiate to use 3D- respectively 2D
3
weld heat calculations for a steel plate at 10°C (ρ = 7850 kg/m ; C =
460 J/°C), as demonstrated by Equation 4.5

In simple terms, Rosenthal’s solution requires that the heat flow through the
surface of the base materials be neglected. This is a major disadvantage, as it
limits the solution’s application to weld joint problems with very low boundary
layer values, such as still air or a vacuum. Examples of industrial applications
where the base material’s reverse side is affected by a forced flow of fluid are
“in-service welding” of pipelines and hull plating of ships and other offshore
structures [92].
When welding a thick steel (semi-infinite) plate, the weld heat flux will be of a
three-dimensional nature and in a spherical shape, see Figure 4.3 [93].
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Figure 4.3

Cross-section view of a weld heat flux in a semi-infinite thick solid plate

When welding a plate of moderate thickness, part of the heat flux will pass
through the structure and affect the temperature on the back of the plate. The
bonding substance, solid or fluid, will be affected and continue the heat transfer.
If the bonding substance is fluid, the heat flux transfer will be a combination of
radiation and convection. In an infinitely thin boundary plane, the heat transfer
will transform from spherical to cylindrical. The cylinder’s centre line axis is
normal to the surface, see Figure 4.4 [94].

Figure 4.4

Cross-section view of the weld heat flux transfer from a plate
(solid base material) into a flow of fluid
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4.6 Material data
In the documentation of the WPQR, the material certificate of the base and the
weld filler material used at the WPQT should be found together with the weld
test specimen’s NDT, metallurgical, and mechanical test results.
From this information, one can establish the material data to be used in the
CWM-analysis. It should be noted that there is a difference between the
mechanical properties of the weld filler material (stated in the certificate) and the
weld metal in the actual weld joint. This can be explained by the fact that the
weld filler material certificate data is based on 100% weld filler material (i.e., no
mixing with base material) and that another WPS has been used. Therefore, the
experimental data of the WPQR should always prevail. For the CWM, the hightemperature properties of the materials are needed. If necessary for the
qualification, the WPQR will contain mechanical high-temperature test data for
the base and the weld metal, see Figure 4.5.

Figure 4.5

Experimental data based yield strength curve for the austenitic stainless
steel 316L, Avesta Heat No. 800233 [95]

If high-temperature mechanical testing has not has been performed as a part of
the WPQR’s qualification, the base and weld filler material supplier may provide
that information. This is most likely in the case of a material combination that is
intended for high-temperature applications.
In such a case, the yield strength curve should be translated to match the room
temperature values of the WPQR, see Figure 4.6.
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Figure 4.6

Calculated yield strength curve for the austenitic stainless steel weld
filler material 316LSi [96] by extrapolation of the experimental yield
strength data presented in Figure 4.5

A second option would be to search in the literature for a trustworthy dataset
for a similar type of material, see Figure 4.7. However, such data must always be
critically assessed before being used.

Figure 4.7

Yield strength curve for the austenitic stainless steel 316L based on
data presented in the IIW RSDP Round Robin Phase II benchmark
project documentation [1]
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A final option would be to obtain a yield strength curve using the Specified
Minimum Yield Strength values (SMYS) from a high-temperature design
standard and the results of material property calculations with the software
JMatPro, see Figure 4.8. However, one should be cautioned that significant
errors in the calculated residual stress result may result.

Figure 4.8

Yield strength curve for the material 316L compiled from SMYS-data
presented in the standard EN 10028-7 [97] and the calculated 316L
yield strength data presented in Figure 4.9

Figure 4.9

Yield strength curve calculated by the use of the software JMatPro for
the austenitic stainless steel 316L with particulars and chemical
composition as stated in Table 4.1.
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Table 4.1

Particulars of 316L in Figure 4.9 ; Chemical Composition in Weight %

Avesta Charge No. 8460 ; Austenite = 99.04 %
C

Si

Mn

P

S

Cr

Ni

N

Mo

0.021

0.48

1.35

0.03

0.0010

16.93

10.13

0.05

2.17

Heat treatment
720 °C

Matrix grain size
10 μm

Fixed strain rate
1·10-5 1/s

4.7 Calculation of tangent plastic hardening
The tangent plastic hardening modulus of a weld joint’s base and weld metal is
calculated with Equation 4.6 – 4.9, [98 – 99].

𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢 − 𝑠𝑠𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

Equation 4.6

h=

Equation 4.7

𝑠𝑠 = 𝜎𝜎 ∙ (1 + ε)

Equation 4.8

e = ln ∙ (1 + ε)

Equation 4.9

𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠 = 𝑒𝑒𝑢𝑢𝑢𝑢𝑠𝑠 − " �

𝑒𝑒𝑝𝑝𝑦𝑦𝑝𝑝𝑢𝑢

𝑠𝑠𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
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4.8 Approximation of yield and tensile strength
The yield and ultimate tensile strength in the unit MPa of a weld joint’s base and
weld metal can be approximated with Equation 4.10 – 4.18.
Austenitic and ferritic steels [100]
Equation 4.10
Equation 4.11
Equation 4.12

Equation 4.13

Equation 4.14

𝑅𝑅𝑚𝑚 = 3.4 ∙ 𝐵𝐵𝐵𝐵𝐵𝐵
𝑅𝑅𝑝𝑝0.2% = 𝑔𝑔 ∙
𝑝𝑝 = 𝑞𝑞 ∙ 𝑑𝑑 𝑛𝑛´
𝑛𝑛´ = 2 +
𝑛𝑛´ =

𝐻𝐻𝐻𝐻
3

∙ (0.1)𝑛𝑛´−2

𝑅𝑅𝑝𝑝0.2%
𝐻𝐻𝐻𝐻 �
𝑔𝑔 ∙
3

log �

𝑝𝑝
𝑞𝑞

log� �

log 0.1

log 𝑑𝑑

Base metal - ferritic C-Mn steel [99]
Equation 4.15

𝑅𝑅𝑝𝑝0,2% = 3.28 ∙ 𝐵𝐵𝐻𝐻10 − 221 ; 160 < 𝐵𝐵𝐻𝐻10 < 495

Equation 4.16

𝑅𝑅𝑚𝑚 = 3.3 ∙ 𝐵𝐵𝐻𝐻10 − 8

Weld metal - ferritic C-Mn steel [99]

; 100 < 𝐵𝐵𝐻𝐻10 < 400

Equation 4.17

𝑅𝑅𝑝𝑝0,2% = 2.35 ∙ 𝐵𝐵𝐻𝐻10 + 62 ; 170 < 𝐵𝐵𝐻𝐻10 < 330

Equation 4.18

𝑅𝑅𝑚𝑚 = 3.0 ∙ 𝐵𝐵𝐻𝐻10 − 22,1
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; 170 < 𝐵𝐵𝐻𝐻10 < 330

4.9 Approximation of fracture resistance
Typical Jmat-values for austenitic stainless steel of the 316L type when subjected
to a GTAW weld process are presented in Table 4.2 [102 – 103]. Also included
are calculated CTODmat- and KJmat-values, which have been approximated by
the use of Equation 4.19 and Equation 4.21 [101 – 104] and the material data in
Figure 4.13 – 4.14. The KJmat-value is applicable when one is performing an
Engineering Critical Analysis (ECA) using the FAD-approach and fatigue
analysis. The values for Jmat and CTODmat should be used for CDF-analysis, an
approach used by the author in this report.
𝐸𝐸∙𝐽𝐽

Equation 4.19

𝐾𝐾𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 = � 𝑚𝑚𝑝𝑝𝑝𝑝
(1−𝜈𝜈 2 )

Equation 4.20

𝐾𝐾𝐶𝐶𝑇𝑇𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �

Equation 4.21

Equation 4.22

Table 4.2
joints

𝐽𝐽

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 = �𝑚𝑚∙𝜎𝜎𝑚𝑚𝑝𝑝𝑝𝑝
𝑚𝑚 = 1.517 �

(1−𝜈𝜈 2 )

𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 �

𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 −0.3188
𝜎𝜎𝑢𝑢𝑢𝑢𝑢𝑢

�

𝑓𝑓𝑓𝑓𝑓𝑓 0.3 <

𝜎𝜎𝑦𝑦

𝜎𝜎𝑢𝑢

< 0.98

Typical fracture resistance values for 316L GTAW weld

Condition
/Type

Temperature
(°C)

316L
(base metal)

20
125
400
550

ER361L /
ER316LSi
(weld metal)

𝑚𝑚∙𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 ∙𝐸𝐸∙𝐶𝐶𝑇𝑇𝐶𝐶𝐷𝐷𝑚𝑚𝑝𝑝𝑝𝑝

20
125
400
550

Jmat
(kJ/m2)
672
421
492
293
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CTODJmat
(mm)

KJmat
(MNm-3/2)

1,09

377

1,13

368

0,77

273

0,81

263

0,80

323

0,82

315

0,53

228

0,56

219

4.10 Arc welding operations
Arc welding operations can be performed during several stages of a structure’s
economic lifetime, as the first component is welded in a controlled workshop
environment and during the erection and maintenance of the structure in an
uncontrolled environment onsite. The onsite location can be anywhere on the
earth.
In-service welding is the practice of welding on a structure that is still in
operation. This applies, but is not limited to, that welding that occurs while the
structure is subjected to thermal and/or mechanical loads. The mechanical load
may be affected by thermal strains, point loads, and the structure’s own weight,
as well as internal or external pressure. Examples of this include the sleeve
repair of pipelines and structural weld repairs of ship and offshore structures.
Therefore, all potential load causes (thermal and mechanical) that act upon a
structure should be identified and quantified at the design phase of the WPS
[105]. The thermal and mechanical loads of the weld process should be
quantified and evaluated as well.
It is obvious that a rupture of a structure will result not only in severe damages
to the structure itself but also may cause harm to the welding personnel and to
the animal and plant life in the surrounding area.
In 1999, the shell plating below the waterline of two Finnish-Swedish 1A iceclassed ships [106] was repaired by welding during a seagoing operation. On
average, about 2000 kg consumables were deposited on the shell plating of each
ship. The plating was affected by an enhanced cooling rate due to the forced
flow of seawater. The flow was at a speed of 13 – 16 knots. The classification
society approved the repairs as permanent. Following the permanent in-service
welding repairs, the ships were navigating in waters restricted to ships with iceclass notation during the winter season. No problems have been reported as a
result of the weld repair. Performing the repair work during normal operation of
the ship reduced the repair costs by about 85%, as compared to traditional dry
docking [4].
A greater number of hot-tapping operations have been reported over the years
compared to the number of shell plate repairs performed below the waterline
during voyage. Consequently, in-service welding of pipelines has become a
mature methodology, with standards and best practises for how one should
proceed during the qualification of the WPS [107 – 109]. There may still be
challenges during the qualification of the WPS stage related to the assessment of
the weld operation’s structural integrity. The CWM can be used for distortion
prediction of sleeve repairs and to analyse the structure’s resistance against burst
(i.e., local breakthrough of the tube’s fluid) by way of the weld melt pool.
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4.11 Thermal boundary conditions
Welding operations are most commonly carried out in factories and workshops
with still, standing air and an ambient temperature of about 10 – 30°C, known
as a controlled environment. But welding can also be done when one or more of
a structure’s surfaces are exposed to a forced flow of fluid or in an uncontrolled
environment. A fluid can be a gas (e.g., air) or a liquid (e.g., water) or a mixture
of gas and liquid (e.g., air with raindrops).
In a simulation of weld processes where the object (weld model) is exposed to
still, standing air, the thermal boundary conditions of the surfaces are described
by an apparent thermal convection. This apparent thermal convection describes
the total amount of heat transfer from the surfaces due to convection and
radiation, see Equation 4.23 – 4.24 [110]. This approach is used in [111] and
recommended by the Swedish Radiation Safety Authority [112].

Equation 4.23

𝛼𝛼ℎ = 0.0668 ∙ 𝐶𝐶

20˚𝐶𝐶 ≤ 𝐶𝐶 ≤ 500˚𝐶𝐶

Equation 4.24

𝛼𝛼ℎ = 0.231 ∙ 𝐶𝐶 − 82.1

𝐶𝐶 > 500˚𝐶𝐶

The heat transfer coefficient of a boundary layer of a fluid along a flat plate or
inside a tube can be calculated by boundary layer theory. This is further
described in Chapter 6.

4.12 Mechanical boundary conditions
The transversal Weld Residual Stress and Strain (WRS) magnitude (σXX) is a
function of the mechanical boundary condition used during the welding
operation [113]. Therefore, the actual mechanical boundary conditions of the
weld joint’s construction process should be modelled, from the first clamping or
fixation to the final stage of delivery [114].
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4.13 Contact boundary conditions
From the results of a parametric CWM-study covering a broad range of thermomechanical boundary conditions, it is understood that WRS-magnitude will be
influenced by the thermo-mechanical contact conditions used during the
manufacturing process [26].
Therefore are the contacts between material surfaces modelled as thermomechanical conditions by the use of a penalty-based coupling approach [115]
with a heat transfer conductance of 75 kW/(m2ºC) and a static friction
coefficient of 0.15.

4.14 Material modelling
4.14.1 Introduction
This chapter presents material data used at the CWM-analyses presented in this
thesis.

4.14.2 316 LNSPH and ER316LSi
The room temperature yield strength for 316 LNSPH is 275 MPa, and
temperature-dependent thermal and mechanical material data was taken from
[1].
Both the room temperature yield strength for ER316LSi type welding
consumable with an all weld metal yield strength of about 320 MPa at 20 °C
[116] and the temperature-dependent mechanical material data were taken from
the high-temperature test data of a 316L material at hand [95] for weld metal
material modelling. The thermal and mechanical data to be used in the CWM
are shown in Figure 4.10 – 4.15 below.
The tangential thermal expansion values, see Figure 4.10, have been derived
from the material’s secant thermal expansion values. Secant thermal expansion
values above 1400 ºC have been calculated by means of the software JMatPro,
whereas the solidus- and liquidus-threshold temperatures, 1407 ºC and 1433 ºC,
were calculated by means of the software Thermo-Calc [117] and established by
thermodynamic modelling and calculation of the 316LNSPH plate’s chemical
composition [118]. The thermal conductivity and specific heat values above
1407 °C (solidus temperature), see Figure 4.11, has its origin from [110] and
[119].
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Figure 4.10

Tangent Thermal Expansion

Figure 4.11

Specific Heat and Thermal Conductivity
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Figure 4.12

Poisson’s ratio and free surface’s apparent convection

Figure 4.13

Tangent plastic hardening and Young’s modulus
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Figure 4.14

Yield strength of the weld filler ER316LSi and the base material
316LNSPH

Figure 4.15

Yield strength of base materials AVESTA 316L and the weld filler ELGA
ER316L
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4.14.3 AH36 Normalised
The yield strength values were derived from a high-temperature test dataset of a
St 52-3 steel plate [95]. From [120], the author derived the room temperature
density (7850 kg/m3 at 20 °C), Young’s modulus, secant thermal expansion,
thermal conductivity, and specific heat capacity values of up to 600 °C. Material
data values above 600 °C were calculated by thermodynamic modelling and
calculation (JMatPro) of a normalised AH36 ship steel plate’s chemical
composition [121]. The solidus and liquidus threshold temperatures – 1490 ºC
and 1530 ºC – were estimated with the help of an Iron-Carbon phase diagram
[122]. The tangential thermal expansion values were derived from the material’s
secant thermal expansion values, while the thermal and mechanical data used in
the CWM are shown in Figure 4.16 – 4.19 below.

.
Figure 4.16

Poisson’s ratio and Tangent Thermal Expansion
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Figure 4.17

Specific Heat and Thermal Conductivity

Figure 4.18

Tangent plastic hardening and Young’s modulus
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Figure 4.19

Yield strength
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5

CWM platform

5.1 Introduction
This chapter presents the platform developed and used for a CWM-analysis of
the arc weld processes. The CWM-platform is defined as the systemsengineering solution that successfully integrates hardware, software, and
methodology to be used for thermo-mechanical Finite Element weld
simulations.
Arc weld processes [123] are characterised by transient thermal behaviour,
leading to rapid changes in material properties and a dynamic interaction
between weld and base material. During the weld metal’s solidification and
contraction process, the base material surrounding the weld pool first expands
and then contracts. The complexity of this expansion and contraction process is
described in [124].
Finite element analyses (FEA) of arc weld processes present quasi-dynamic,
multi-physical problems that should be simulated through the use of a powerful
platform. Therefore, the platform presented here has been under continuous
development and improvement since 2004 [125], with an emphasis on the use
of realistic material and weld process data [23 – 24]. The accumulated thermal
and mechanical influences from the first weld pass to the final run are brought
forward in one and the same meshed geometrical model.
Described first are the hardware and software configuration of the platform, as
well as the material used in the model. Immediately following is a discussion of
the modelling for the heat source and dissipation of input energy. Next is a
chapter on the mesh and element formulation. The final chapter presents the
boundary conditions used.
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5.2 Hardware and Operative System
In its current state, the hardware configuration of the platform is based on
Massively Parallel Processor (MPP) architecture. The High Performance
Computer (HPC) has four 16-core AMD Opteron 6284SE processors (CPU)
with a total number of 64-cores and 264GB Random Access Memory (RAMmemory). The core speed is up to 2.7 GHz depending on the actual number of
cores in use. The core speed is controlled by AMD’s Turbo CORE software.
Each 16-core CPU can be connected to two Non-Uniform Memory
Architecture (NUMA) memory regions. Each region can be connected to a
maximum 125 GB (RAM). The HPC is equipped with 256 GB RAM of the type
ECC REG Dual Rank 1600 MHz DIMM. The Operating System (OS) used is
the non-commercial Linux distribution CentOS release 6.5. The HPC is
controlled through Secure Shell (SSH) or a VNC-protocol based remote
desktop server [126]. Furthermore, the HPC is equipped with four 500 GB 7200
rpm SATA hard drives and two 600 GB Multi Level Cell (MLC) Solid State
Drive (SSD) SATA hard drives formatted with the ext4 format. One of the 600
GB SSD hard drives is used for the Operating System, a 134 GB SWAPpartition (temporary data storage) and the FE-code with its Message Passing
Interface (MPI). The second 600 GB SSD hard drive is used for ongoing FEMsimulation. In this case, simulation results are written to that disk and the
remaining four 500 GB hard drives are used for project storage and postprocessing of simulation results.

5.3 Non-linear finite element software
The FE-simulations are carried out using commercial, general-purpose, and
non-linear FE-software LS-Dyna [127] in combination with a message passing
interface (MPI) from IBM [128]. The FE-software has been recompiled using a
PGI Fortran compiler [129] in order to obtain optimal computational
performance (solution time, scalability, and stability) on the HPC’s specific
architecture.
The non-linear finite element analysis methodologies used by the code, such as
the Lagrangian-, the Eularian- and the arbitrary Lagrangian-Eulerian
formulations, are extensively described in [130]. The theoretical foundations of
the inelastic material modelling, with its numerical formulation and
implementation, are described in [131]. The mathematical modelling of
macroscopic volume elements behaviour, and the physics underlying these
phenomena are presented in [132].
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FE-weld simulations are commonly executed by the use of sequentially coupled
thermo-mechanical FEA [59 – 66]. This assumes that, first, the entire transient
thermal simulation has been solved, and second, the transient mechanical
simulation has been solved using the temperature field solution obtained from
the thermal simulation, see Figure 5.1.

Figure 5.1

Schematic description of a sequentially coupled thermo-mechanical FEweld simulation [66]

In the platform presented here, a thermo-mechanical staggered coupled method
is used. The FE-weld simulations are executed as “Non-linear transient thermomechanical staggered coupled implicit FEA” [133 – 135]. This implies that the
transient thermal and mechanical simulations are solved in parallel with each
other and the two FEA-processes provide essential input data to each other.
The thermal aspect of the problem is solved by the use of the FE-code’s
thermal implicit solver “EQ.12 - Diagonal scaling conjugate gradient iterative”
[136] in combination with the FE-code’s mechanical non-linear implicit solver
“EQ. 12 - Nonlinear with BFGS updates + optional arclength” [137 – 138].
Typically, three thermal time steps will be calculated between each mechanical
time step, see Figure 5.2. It should be noted that this CWM-approach results in
a computational time reduction of slightly more than 80% as compared to
ABAQUS for a fully 3D transient thermal TIG-bead on plate benchmark
simulation [139].
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Figure 5.2

Schematic description of a staggered coupled thermo-mechanical FEweld simulation
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5.4 Material models
Constitutive material modelling is composed of two separate material models
(thermal and mechanical) that have been designed by the author for the specific
purpose of multi pass arc weld simulations. The material models have been
under continuous development and improvement since 2010 in close
cooperation with representatives of the Livermore Software Technology
Corporation (LSTC) and the Chalmers University of Technology (CTH). The
first version of the model was presented in 2012 [24]. The current production
version of the material models are found in [141 – 142]. A general description of
its prerequisites and use is given in [26].
Both the thermal and mechanical material models are designed to model the
base and weld material and simulate the intricate combination of the thermal,
elastic, and plastic strains’ on the plastic strain hardening and the formation of
residual stress fields. The plastic strain hardening and the residual stress are
released as a function of the residual stress release temperature. Also described
by the material models is the weld material that will be activated in the later
sequence of a multi-pass weld simulation, or the so-called quiet material. The
mechanical material model is a non-linear thermo-elastic-plastic model that can
employ a mixed hardening with a range from 100% isotropic hardening to 100%
linear kinematic hardening, allowing for residual stress release and triggered by
temperature. The strain hardening is defined by the use of yield surfaces. Two
different types of hardening models (isotropic and kinematic) and the effect of
those on the yield surfaces are described in Figure 5.3; the effect is further
elaborated in [143 – 145].

Figure 5.3

Illustration of different strain hardening models on von Mises yield
surfaces: Isotropic hardening (left) Kinematic hardening (right)
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The residual stress release function (also known as the annealing function)
eliminates the material’s prior accumulated hardening history in the following
manner:
- Back stress tensor , αij , is set to the value zero �αij = 0�
p

- Effective plastic strain , εeff , is set to the value zero �εpeff = 0�
p

- Stresses, σij , and plastic strains , εij , are not set to zero �σij ≠ 0, εpij ≠ 0�

This implies that the base and weld material only can retain and build up
residual stresses at temperatures below the residual stress release temperature. A
detailed description of the equations that govern the material model is given in
[142]. The weld material is present from the very first simulation sequence and is
gradually activated during the time it takes for the thermal energy to heat up the
weld material between its solidus- (TS) and liquidus temperatures (TL).
The quiet material represents the volumes absent from the metal, i.e., vacuum or
fluids (gas and liquid). The stress on a quiet material should never reach the yield
point. Therefore, the Young’s modulus value should be small enough not to
influence the surrounding material but large enough to avoid numerical
problems. Further, to avoid numerical artefacts, the quiet weld material has been
given very high yield strength and specific heat capacity values, as well as very
low density, thermal conductivity, and Poisson’s ratio and coefficient of thermal
expansion values. The selection of these values implies that the quiet material
has thermo-elastic properties.
There is a difference between the thermal and mechanical material models when
it comes to the initiation temperatures for the quiet material. For the thermal
model, the initiation temperature interval is the solidus to liquidus temperature.
In the mechanical material model, the initiation temperature interval for the
quiet material is set a couple of hundred degrees Celsius above the TS and TL.
This is done to reflect that the liquid filler material is entering the weld pool in
an overheated state [146] and to facilitate the capture of the thermo-mechanical
contributions from the contraction that occurs in both the liquid state, during
solidification, and in the solid state [147], as shown in Figure 5.4. Above TL, the
thermal conductivity value is set to 300 W/(m°C), and between TS and TL, it is
set to 150 W/(m°C) to mimic the heat and mass transfer of the weld pool [111].
It should be noted that the mechanical material model (for numerical solution
time reasons) utilises tangential thermal expansion (βt) instead of secant thermal
expansion (βs) [148], see Figure 5.5.
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Figure 5.4

Illustration of the liquid, solidification, and solid contraction in relation to
TL and TS [147] for an austenitic stainless steel of the type 316L

Figure 5.5

Illustration of the tangential (βt) and secant thermal expansion’s (βs)
temperature dependency for an austenitic stainless steel of the type
316L
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5.5 3D weld heat source
In 3D arc weld simulations, the double ellipsoidal heat source model, commonly
denoted as a “Goldak weld heat source,” is implemented [149 – 150]. In this
model, the heat is emitted from the 1st node of a “weld head beam element.”
The 1st node is also the origin of the local Cartesian coordinate system by which
the double ellipsoidal heat source is described. The 2nd node controls the aiming
direction of the arc through its xyz-distance in relation to the 1st node, see
Figure 5.6.

Figure 5.6

Illustration how the weld head orientation can be controlled by rotating
the Aiming Node (2nd Node) around the Weld Flux Node (1st Node).
With this figure, different welding positions can be modelled. Left:
Downhand welding; Centre: Downhand - 45° Pull; Right: Overhead
position welding

As illustrated in Figure 5.7, the heat flux density QΦ3D consists of two parts: one
for the forward part and one for the aft part of the ellipsoid [151]. The total heat
flux density is calculated from the weld power as described by Equation 5.1 –
5.6 [152]. The weld power is calculated using the welding parameters given in
Equation 5.5, and is related to the weld heat input as shown in Equation 5.6
[89]. It is essential to use the correct thermal efficiency factor for the weld
method under consideration [90].

Figure 5.7

Illustration of the FE-code’s double ellipsoidal weld heat source
implementation
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Equation 5.1

Equation 5.2

𝑄𝑄𝛷𝛷3𝐷𝐷 = 𝑄𝑄𝛷𝛷3𝐷𝐷𝑓𝑓 + 𝑄𝑄𝛷𝛷3𝐷𝐷𝑝𝑝

𝑄𝑄𝛷𝛷3𝐷𝐷𝑓𝑓 =

3𝑥𝑥2

6√3𝑓𝑓𝑓𝑓 𝑃𝑃𝑤𝑤

−
𝑒𝑒 𝑝𝑝2

6√3𝑓𝑓𝑝𝑝 𝑃𝑃𝑤𝑤

−
𝑒𝑒 𝑝𝑝2

𝑝𝑝𝑎𝑎𝜋𝜋1 𝜋𝜋√𝜋𝜋

Equation 5.3

𝑄𝑄𝛷𝛷3𝐷𝐷𝑝𝑝 =

Equation 5.4

𝑓𝑓𝑓𝑓 + 𝑓𝑓𝑝𝑝 = 2

Equation 5.5

𝑃𝑃𝑤𝑤 = 𝜂𝜂 ∙ 𝑈𝑈 ∙ 𝐼𝐼

Equation 5.6

𝑄𝑄𝑤𝑤 = 𝜂𝜂 ∙

𝑝𝑝𝑎𝑎𝜋𝜋2 𝜋𝜋√𝜋𝜋

𝑈𝑈 ∙𝐼𝐼
𝑣𝑣

∙ 10−3
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3𝑥𝑥2

3𝑦𝑦2

−
𝑒𝑒 𝑏𝑏2

3𝑦𝑦2

−
𝑒𝑒 𝑏𝑏2

𝑒𝑒

𝑒𝑒

3(𝑧𝑧+𝑣𝑣𝑢𝑢)2
𝑐𝑐12

−

3(𝑧𝑧+𝑣𝑣𝑢𝑢)2
𝑐𝑐22

−

5.6 2D weld heat source
In 2D and axisymmetric simulations, a 2D Gaussian distributed weld heat
source is used to apply the weld heat power (PW) in the form of an equivalent
2D weld heat flux density (QΦ2D). This model has been developed by the author,
and is constructed of element edge pairs, emitting QΦ2D in the xy-plane, see
Figure 5.8.

Figure 5.8

2D weld heat flux density, QΦ2D, distribution in the xy-plane

Since in 2D FEA there is no third dimension, the 2D weld heat flux density,
QΦ2D, distribution in the xy-plane is applied as a function of time, see Figure 5.9.

Figure 5.9
2D weld heat flux density, QΦ2D, distribution in the xy- and the
zy-direction; xy-direction = cross-section plane of the welded joint (left) zydirection = longitudinal plane of the welded joint (right)
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In a 3D-axisymmetric CWM-methodology used by Josefson [154 – 155], Pw is
converted to QΦ2D by Equation 5.7 – 5.8.

Equation 5.7

Equation 5.8

𝑄𝑄𝛷𝛷2𝐷𝐷 =

𝑃𝑃𝑤𝑤

𝐻𝐻2𝐷𝐷

𝐻𝐻2𝐷𝐷 = 𝐴𝐴𝑤𝑤 ∙ 𝑣𝑣 ∙ (𝑡𝑡4 − 𝑡𝑡3 )

At the application of Equation 5.7 – 5.8 Josefson assumed that the 2D weld
heat flux density, QΦ2D, has a square shaped amplitude distribution as seen by
the longitudinal plane of the welded joint. The time, t4 – t3, is the time during
which the weld heat distribution is completed and Josefson making the weld
heat flux distribution time equal to the timeframe it takes for the weld head to
pass by the cross-section plane The methodology was modified by Brickstad
and Josefson [111], assuming that the QΦ2D has a triangular shaped distribution
that flows through the cross-section over the entire production time. This
approach was adopted by TWI, after a modification by He and We making the
weld heat flux distribution time equal to the timeframe it takes for the weld head
to pass by the cross-section plane [59].
In another CWM-methodology formulated by Dong and Hong [156], adopted
by the Swedish Radiation Safety Authority [60 – 62], and in continuous use by
Dong [63 – 65], the 2D weld heat flux is applied in the form of a constant liquid
weld metal temperature during the time it takes for the weld head to pass by the
cross-section plane. However, the present author has found this approach to
result in a weld heat flux distribution with an unrealistic shape. This is illustrated
by the example in Figure 5.10 where the weld heat energy (6.86 MJ) of a 19 s
long weld pass is distributed by the methods described here.
In the present work, an alternative method is formulated to describe the timedependent weld heat flux distribution relative to the weld joint’s cross-section
plane. Using a fully 3D transient thermo-mechanical FEM simulation, the weld
heat flux is calculated for a time period just long enough to obtain a thermal
steady state solution or for about 15 seconds [26]. For this simulation, the
mechanical model is defined as a rigid body [157] in order to limit the problems
the mechanical component of the analysis poses and to obtain a rapid solution
time. From the resulting data, the weld heat flux is transformed to a 2D weld
heat flux density, QΦ2D . This process is described in detail in Chapter 5.7.
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The equivalent 2D weld heat flux density load curve obtained by this method
makes it possible to capture the influences of the weld head’s angle and motion
(weaving and vertical oscillation) on the weld heat flux distribution, see Figure
5.9. This facilitates a more detailed and physically correct 2D-modelling of the
thermal transients as compared to the previous methods.

Figure 5.9

Diagram illustrating the weld heat flux at submerged arc welding with a
weld heat input Qw = 1.29 kJ for three identical simulations with
different weld head characteristics. Downhand, Downhand - 45° Push
and Downhand - 45° Push

Figure 5.10

Diagram illustrating how the five different methods are distributing the
same amount of weld heat energy (Q = 6.86 MJ) as a 2D heat flux over
time relative to the weld cross-section, material data used from Chapter
4.14.3
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5.7 Calculation of the 2D weld heat flux density
The 2D/3D-Axisymmetric weld heat flux density is calculated in the following
manner:
The total weld heat energy for the entire weld pass, ∑Q, is calculated by
Equation 5.9 and the 2D/3D-Axisymmetric weld heat source energy
distribution area (see Figure 5.8) is calculated by Equation 5.10.
Equation 5.9

∑𝑄𝑄 = 𝑄𝑄𝑊𝑊 ∙ 𝑙𝑙𝑊𝑊

Equation 5.10

𝐴𝐴2𝐷𝐷 = 𝑙𝑙𝑊𝑊 ∙ 𝑙𝑙2𝐷𝐷

The total 2D weld heat energy density (ΣQ2D) of the 2D/3D-Axisymmetric weld
heat source is calculated by Equation 5.11.

Equation 5.11

𝛴𝛴𝑄𝑄2𝐷𝐷 =

𝛴𝛴𝑄𝑄

𝐴𝐴2𝐷𝐷

The resulting weld heat flux (QRΦ) in the cross-section plane of the actual weld
pass is calculated by the means of a fully 3D transient thermo-mechanical FEMweld simulation. Using the total 2D weld heat energy (ΣQ2D) and the integral of
t
the resulting weld heat flux (∫t 1 Q RΦ ), the 2Dxy weld heat flux fraction (f2Dxy) is
0
calculated by Equation 5.12. Thereafter, the equivalent 2D weld heat flux (PLQΦ2D) is calculated by Equation 5.13.

Equation 5.12

Equation 5.13

𝑓𝑓2𝐷𝐷 =

∑𝑄𝑄2𝐷𝐷
𝑢𝑢
0

∫𝑢𝑢 1 𝑄𝑄𝑅𝑅𝑅𝑅

𝑃𝑃𝑃𝑃 − 𝑄𝑄𝛷𝛷2𝐷𝐷 = 𝑄𝑄𝑅𝑅𝛷𝛷 ∙ 𝑓𝑓2𝐷𝐷

Finally, an “Equivalent 2D Weld Heat Flux Density Load Curve Table” is
created and adjusted with start and stop values in such way that it will fit its
intended purposes. An example of this is given in Table 5.1.
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Table 5.1 Equivalent 2D Weld Heat Flux Density Load Curve

Time
s

QΦ
W/m2

fQΦ2D
-

PL-QΦ2D
W/m2

0

0

1

0

1,0

0

1

0

1,00001

2,68E+07

2,71E-04

7,28E+03

1,7

5,65E+08

2,71E-04

1,53E+05

3,2

1,33E+10

2,71E-04

3,61E+06

4,9

2,75E+09

2,71E-04

7,47E+05

5,4

2,77E+08

2,71E-04

7,51E+04

6,1

2,28E+08

2,71E-04

6,19E+04

6,8

5,49E+07

2,71E-04

1,49E+04

6,80001

0

1

0

20

0

1

0

5.8 Mesh and elements
5.8.1

Mesh size

For both the thermal and mechanical simulations presented in this thesis,
elements of the first-order type were used in one and the same mesh. For both,
the first-order mechanical element formulation was used since higher order
element formulations tend to deteriorate in accuracy more rapidly, as compared
to first-order elements in large deformations [158 – 160]. The line between a
small and large deformation is defined as the strain value where the true stress
and the engineering stress values begins to separate from each other, see Figure
5.11.
The polynomial designating the total strain field is one order lower than the
polynomial of the thermal strain field. Through the use of a very fine mesh in
areas with steep temperature gradients – i.e., the fusion line and the Heat
Affected Zone (HAZ) –inconsistent stress and strain results were avoided [161].
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Furthermore, metallic material models constructed on the basis of industrial,
standardized mechanical test results will have validity for element volumes
containing no less than 125 grains (5 × 5 × 5 grains) [162]. Therefore, the
smallest acceptable element size is limited by the origin of the mechanical
material data and the grain sizes of the test specimens.

Figure 5.11

5.8.2

The diagram illustrates the deviation of the engineering and the true
stresses as a function of the engineering strain for the austenitic
stainless steel grade 316LNSPH; the deviation begins at an strain of
1% and is significant at 5% strain. The diagram is calculated with the
equations presented in Chapter 4.7 and the material data used is from
[1].

3D thermal element formulation

The 3D hexahedral thermal element formulation is a fully integrated linear 8node element with linear temperature interpolation, with one Degree of
Freedom at each node [163].
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5.8.3

3D mechanical element formulation

For 3D simulations, two types of mechanical 8-node hexahedral element
formulations supporting large strain theory FEA [164] are used, namely,
ELFORM 2 and ELFORM -2, both with six Degrees of Freedom at each node.
ELFORM 2 is a selective reduced integrated element [165]. This element
formulation has a poor aspect ratio that may cause shear locking problems (high
stiffness) at bending in thin-walled structures. ELFORM -2 has an element
formulation that is derived from ELFORM 2 by a modification of its Jacobian
matrix, reducing the transverse shear stiffness for pure bending modes. This
comes at a price of a 350% increased computational time, as compared to a FEsimulation using ELFORM 2 [164 - 167].

5.8.4

2D transient thermo-mechanical FEA

In a 2D thermo-mechanical simulation, a 2D/3D Hybrid element formulation is
used. This results in a 2D Generalized Plain Strain (2DGPS) performance in
accordance with the generalized plane strain theory [168]. The theory assumes
that the model lies between two bounding planes. These may move as rigid
bodies with respect to one another, thus causing strain in the Z-direction. It is
assumed that the deformation is independent of position with respect to the
thickness direction. Thus, the relative motion of the two planes causes a direct
strain in the thickness direction only, as illustrated in Figure 5.12.

Figure 5.12

2D/3D Hybrid element formulation resulting in 2D Generalized Plain
Strain performance
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6

Boundary layer calculations

6.1 Introduction
The physical principles of welding a plate material affected by a forced flow of
fluid on its reverse side are the same as for welding on the circumference of a
tube material containing a forced flow of fluid, see Figure 6.1. In order to
analytically calculate the heat transfer coefficient of a fully developed turbulent
boundary layer of a fluid, αf, along a flat plate or inside a pipe by single-phase
boundary layer theory [169], the fluid has to be in the state of a gas or a liquid. If
the fluid is a mixture of gas and liquid, then the problem has to be solved with
the far more complex multiphase boundary layer theory, which is not yet
advanced enough for analytical calculations [170].

Figure 6.1

A plate material (left) and tube material (right) affected by a forced
flow of fluid
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6.2 Analytical solution
The heat transfer coefficient of a fully developed turbulent boundary layer of a
fluid ( αf ) along a flat plate or inside a pipe is essentially calculated by the same
algorithm. Along a flat plate, αf is calculated with Equation 6.1 – 6.5, and inside
of a pipe, αf is calculated with Equation 6.1 and Equation 6.6 – 6.8. In Chapter
6.3, the application of these equations is further described and exemplified.
𝜈𝜈𝑓𝑓 ∙ 𝜋𝜋𝑓𝑓 ∙ 𝐶𝐶𝑝𝑝𝑓𝑓

Equation 6.1

𝑃𝑃𝑓𝑓 =

Equation 6.2

𝑅𝑅𝑒𝑒𝑧𝑧 =

Equation 6.3

𝐵𝐵𝑁𝑁𝑧𝑧 = 0,030 ∙ 𝑅𝑅𝑒𝑒𝑧𝑧5 ∙ 𝑃𝑃𝑓𝑓 3

Equation 6.4

𝜋𝜋𝑓𝑓

𝐻𝐻𝑓𝑓 ∙ 𝐿𝐿𝑧𝑧
𝜈𝜈𝑓𝑓

4

𝐵𝐵𝑁𝑁𝑧𝑧 =

1

4

0.030 ∙ 𝑅𝑅𝑒𝑒𝑧𝑧5 ∙𝑃𝑃𝑃𝑃
1

1

1 + 1.3 ∙𝑃𝑃𝑃𝑃 6 ∙𝑅𝑅𝑒𝑒𝑧𝑧10 ∙(Pr − 1)

Equation 6.5

𝛼𝛼𝑓𝑓 �𝐻𝐻𝑓𝑓 , 𝑃𝑃𝑧𝑧 � =

Equation 6.6

𝑅𝑅𝑒𝑒𝑑𝑑 =

𝜋𝜋𝑓𝑓 ∙ 𝑁𝑁𝑢𝑢𝑧𝑧
𝐿𝐿𝑧𝑧

𝐻𝐻𝑓𝑓 ∙ 𝑑𝑑
𝜈𝜈𝑓𝑓

Equation 6.7

𝐵𝐵𝑁𝑁𝑑𝑑 =

Equation 6.8

𝛼𝛼𝑓𝑓 �𝐻𝐻𝑓𝑓 , 𝑑𝑑� =

3

0.038 ∙ 𝑅𝑅𝑒𝑒𝑦𝑦4 ∙𝑃𝑃𝑃𝑃
1

1

−
−
1 + 1.5 ∙𝑃𝑃𝑃𝑃 6 ∙𝑅𝑅𝑒𝑒𝑦𝑦 8 ∙(𝑃𝑃𝑃𝑃 − 1)

𝜋𝜋𝑓𝑓 ∙ 𝑁𝑁𝑢𝑢𝑦𝑦
𝑑𝑑
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6.3 Heat transfer of a ship shell’s boundary layer
The boundary layer of a ship shell plate will be laminar at the bow of the ship.
The laminar layer transitions to the turbulent boundary layer as a function of the
distance from the bow and the velocity of the surrounding seawater. The
turbulent layer will continue to grow as a function of the length of the shell
plate, so that a longer shell plate will result in a greater boundary layer, see
Figure 6.2 [171 – 172].

Figure 6.2

Illustration of the seawater’s boundary layer around a ship’s shell plate,
with the ship’s stem to the left and the stern on the right side

The following algorithm provides an analytic solution to the heat transfer of the
shell plate’s boundary layer. This algorithm is only applicable at a single phase
flow, that is, the fluid must be in liquid or gas form. In the case of a multiphase
flow, the equation is inadequate. This implies that the algorithm is only
applicable when αf is in excess of about 1kW/m2°C.
The boundary layer along a shell plate, in this case fresh water, is described by
the Reynolds number (Re ) that is calculated by Equation 6.1. Re is
dimensionless describing the kinematic boundary layer and it should be noted
that the thickness of a boundary layer along a plate will continue to grow as a
function of the plate’s length.
The Prandtl number ( Pr ) describes the thermal properties of a boundary layer
and it is a dimensionless coefficient calculated with Equation 6.2.
The dimensionless coefficient Nusselts number ( Nu ) describes the sub-viscous
layer of the boundary layer and it is within the sub-viscous layer that the heat
transfer from the shell plate to the boundary layer will occur. The thinner the
sub-viscous layer the higher the rate of the heat transfer will be. A general value
for Nusselts number of a turbulent boundary layer along a shell plate ( NuZ ) is
calculated with Equation 6.3 and a more exact value is calculated with Equation
6.4 [173].
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The heat transfer coefficient of the shell plate’s boundary layer is calculated with
the general equation for the coefficient of heat transfer for a flow of fluid along
a flat plate using Equation 6.5.
The heat transfer capacity of the ship’s shell plate is presented in the form of a
diagram, see Figure 6.3, for distances of 10 to 250 m from the stem and speeds
through water in the range of 1 to 12 m/s. Physical properties of the water: T =
5 °C, Pr = 11, 25 ; Cpf = 4206 J/(kg°C) ; ρf = 1000 kg/m3 ; kf = 0.568
W/(m°C) ; νf = 1.519⋅10-6 m2/s.
In the same manner the heat transfer capacity of a completely developed
turbulent boundary layer of fresh water internally of ASTM Schedule 80 pipes,
Ø 1 – 14” has been calculated by the use of Equation 6.1 and Equation 6.6 –
6.8. The result is also presented in the form of a diagram, see Figure 6.4

Figure 6.3

The diagram shows the heat transfer coefficient of a fully developed
turbulent boundary layer of fresh water along the hull plate at the
velocities 1 to 12 m/s
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Figure 6.4 The diagram shows the heat transfer coefficient of a complete
developed turbulent boundary layer of fresh water internally of
ASTM Schedule 80 pipes, Ø 1 – 14”
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7

Experimental assessments

7.1 Introduction
For the generation of necessary input data and for the verification of
simulations, a number of experiments have been performed. Verification
experiments described in the literature have also been used. In this section, these
experiments are described.

7.2 In-service welding experiment
An in-service welding experiment was carried out in an unsheltered winter
climate on a pier in the Port of Gothenburg, Sweden. Weather conditions at the
time of the experiment was bright sky, calm air, and an air temperature of – 0.3
°C [174].
At the in-service welding experiment, twelve welds were made on the welding
rig’s test coupon. Four longitudinal tapered slots were machined in the weld test
coupon for the purpose of simulating a bevel joint preparation, see Figure 7.1.

Figure 7.1

Cross-section view of the rig’s weld test coupon, left, and the weld test
coupons grove, right
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Furthermore, the welds were divided into four groups: A, B, C and D. Group A
served as a reference of ‘normally produced welds,’ i.e., welding with the reverse
side of the base material exposed to still air, α ≈10 W/m2 °C [175], see Table
7.1. All welds were produced with a single pass in order to achieve a notable
difference of maximum hardness in the HAZ. Shielded Metal Arc Welding
(SMAW) was used, DCEP (DC+). The welding was carried out without any
preheating, in the downhand position (1G).
Table 7.1

Overview of the weld tests carried out

Group

Seam No. 1
SMAW Ø
( mm )

Seam No. 2
SMAW Ø
( mm )

Seam No. 3
SMAW Ø
( mm )

Reverse side of test
coupon exposed to

A

2.5

2.5

2.5

Still air

B

4.0

4.0

4.0

Forced flow of water

C

3.2

3.2

3.2

Forced flow of water

D

2.5

2.5

2.5

Forced flow of water

Particulars of the weld test coupon material are: DIN 17175 III (79) ST45.8 ;
normalized condition at 950 °C ; Seamless steel pipe (Dimension 1 200 x ∅
139.7 x 12.5 mm); Hardness 150 HV; Manufacturer: Tuberie de St Saulve,
Vallourec Industries Réf: 26-97-274014 N°VLR: JC6303/01; Heat No. 364439.
The chemical composition is stated in Table 7.2.
Table 7.2

Chemical Composition in weight % of Heat No. 364439

Ce

C

Si

Mn

0.32

0.14

0.17

0.95

P

S

0.014 0.004

Cr

Ni

0.07

0.04

W

Co

V

0.005 0.008 0.004

Cu
0.10

Al

Ti

0.037 0.002

Low hydrogen vacuum-packed welding consumables of the E 7018 type were
used in the experiment. Particulars of the consumables used are: ESAB OK
48.00 VacPac (H2 < 5 ml / 100 g weld metal); Lot No. 9351341 (∅ 2.5 x 350
mm); Lot No. 2404331 (∅ 3.2 x 450 mm); Lot No. 1356141 (∅ 4.0 x 450 mm).
The rig consisted of a 17.2 metre-long entrance pipe with an inner diameter of
114.7 mm connected to the weld test coupon, which also has an inner diameter
of 114.7 mm.
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In the rear end of the weld test coupon, an outlet nozzle was connected to
maintain pressure in the rig and move the outlet from the welding area, see
Figure 7.2. To prevent the formation of air pockets around the nozzle, the
welding rig was horizontally inclined 2°.
The entrance distance of 150 diameters (17.2 m) was used in order to achieve a
fully developed turbulent boundary layer around the reverse side of the weld test
coupon. Present-day engineering handbooks may state that a turbulent
boundary layer develops on an inlet distance of 12 diameters. This should be
interpreted as most probable for not fully developed turbulence; up to 60 - 80
diameters have been reported [176].

Figure 7.2

An illustration of the in-service welding experiment rig’s principal
design, not to scale

Before the wet welding commenced, the welding rig was connected to the pier’s
fire main line by a hose, and the fire main valve was completely opened. The
water velocity was measured at 3.45 m/s by the use of an ultrasonic transit time
flow meter [177] that was connected to the inlet pipe of the welding rig at a
distance of 9 m from the inlet. The nominal accuracy of the instrument is ± 2%,
and due to low signal strength during the actual measuring, the total accuracy is
stated to have been ± 5 % [178]. The outlet water temperature was 0.1°C, and
the reverse side of the test coupon is believed to have been exposed to a fully
developed turbulent boundary layer of freshwater. The heat transfer coefficient
for wet welding has been calculated to about 8.6 kW/m2 °C, see Figure 7.3.
During the experiment, the weld process was continuously recorded at a
sampling rate of 10 Hz by means of a DAQ (HKS Weldlogger® type 500 Plus).
Weld parameters recorded at the experiment and the calculated heat input are
listed in Table 7.3. The weld metal’s temperature in a single point of each weld
was recorded by a type K thermocouple connected to the DAQ. The
thermocouples were harpooned down in the rear end of the weld melt pool,
recording the temperature at a point just beneath the weld metal surface in order
to avoid the problem of maintaining exactly the same distance between the
fusion line and the thermocouple for all weld test series [179].
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Figure 7.3

Table 7.3

Diagram indicating the weld test coupon’s heat transfer coefficient with
a fully developed turbulent boundary layer of water

Weld parameter record of the in-service welding experiment

Weld
No.

SMAW Ø
( mm )

I
(A)

U
(V)

vW
( mm/s )

Qw
(kJ/mm )

A1

2.5

108

23.7

3.3

0.57

A2

3.2

145

23.9

3.5

0.75

A3

4.0

204

24.9

4.5

0.85

B1

4.0

205

24.4

4.7

0.80

B2

4.0

204

24.7

4.9

0.76

B3

4.0

218

26.5

4.2

1.03

C1

3.2

149

24.2

3.7

0.74

C2

3.2

149

24.0

3.9

0.70

C3

3.2

149

24.8

4.0

0.69

D1

2.5

140

28.7

4.4

0.68

D2

2.5

140

29.1

4.2

0.72

D3

2.5

143

29.4

4.1

0.77
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7.3 Validation of regression curves
In order to validate the regression curves calculated in Chapter 8, a number of
welding experiments were carried out in a welding hall with an air temperature
of 10°C. The first experiment series were carried out in order to evaluate four
different weld test coupon geometries and select the geometry to be used at
validation of the derived kPL function in Chapter 8.5, see Figure 7.4.

Figure 7.4

Cross-section views of welding test coupons evaluated Ø 89.9 x 2.5 ; Ø
89.9 x 2.5 ; Ø 48.3 x 4.5 ; Ø 33.0 x 3.2; all measurements in mm

The evaluation test was performed in such a way that the coupons were exposed
to an internal turbulent flow of water while a TIG weld seam was produced on
top in a longitudinal direction. Coupon No. 3 (Ø 48.3 x 4.5 mm) was found to
be the most suitable geometry for the validation experiment.
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The validation welding was carried out on an “in-service welding test rig”
designed and built for this specific experiment and based on the experiences
from the experiment described in Chapter 7.2.
The rig consists basically of a 7.4 m long, Ø 48.3 x 4.5 mm tube, exposed to an
internal forced flow of water. 6.0 m of the tube’s length constituted the
entrance, or about 152 diameters, with the remaining 1.4 m as the weld test
coupon. To ensure that a fully developed turbulent boundary layer developed
around the weld test coupon’s reverse side, it is essential that the entrance length
exceeds 80 diameters [176]. An outlet nozzle with a drain hose was welded to
the outlet side of the rig in order to maintain a slight water pressure and to
move the outlet water from the welding area to a spigot. To register the water
flow during the experiments, a volume meter [180] with a resolution of 1·10−3
m3 was connected to the inlet side of the rig.
Particulars of the tube material are ASME SA 210 (95) - GRADE A1+SPEC.
MS 7003 REV.00, seamless steel tube hot finished (killed steel); normalized
condition at 925°C; manufactured by Tuberie de St. Saulve, Vallourec
Industries, Saint Saulve, France, Ref. No. 26-97-071008 N°VLR; JB4300/01;
heat No. 77145. The chemical composition is stated in Table 7.4
Table 7.4

Chemical Composition in weight % of Heat No. 77145

CE

C

Si

Mn

P

S

Cu

Sn

0,30

0,16

0,20

0,77

0,013

0,004

0,17

0,012

A total number of six longitudinal welds were produced during the second
experiment series. Three welds were produced with a water flow of 5·10−4 m3/s
through the rig, and the remaining three welds were produced with a water flow,
qf, of 1·10−3 m3/s through the rig. The particulars of the regression curve weld
experiment series are presented in Table 7.5. The welding experiments were
accomplished by mechanised GTAW, and the equipment used was an EWM
TRITON 260 welding machine, longitudinally manipulated by an ESAB
Railtrack FW 1000. During the welding of the six seams, the arc voltage, the
current, and the weld cooling time were sampled at a frequency of 1 kHz by an
in-house designed weld data acquisition system (DAQ). Through experimental
experience gained from this research project, it is well known that creep currents
and peak voltage originating from an arc welding process can damage electronic
measuring devices. For that reason, a galvanic insulated DAQ-system was built.
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The DAQ system is named MUGIN after the memory-collecting raven of the
Norse god Odin [181], and its core components are:


a ruggedized portable industrial PC (Dewetron DEWE- 3010-IPC)



a 16-bit, 200 kHz data acquisition card (DaqBoard 2005)



a galvanic shielded 8-slot rack, equipped with galvanic insulated
instrumentation amplifiers (Dewetron DEWERACK-8)



a tailor made DAQ-control software based on LabVIEW 7.0

At the time of the experiment, the following channels of the Dewetron
DEWERACK-8 were utilized:


Channel 0, DAQN-DMM, high voltage isolation module, utilized to
record the voltage of the welding process.



Channel 7, DAQN-V, medium voltage isolation module, utilized to
record the current of the weld process by means of a current probe, 60
mV at 600 A ±0.5%.



Channel 5, DAQN-THERM-4, thermocouple isolation amplifier, type
K, −100 to 1350°C, utilized to record the weld metal’s temperature at a
point on the plane of the weld metal surface. Twisted type Kthermocouples were harpooned down in the rear end of the melt pool
[179].

Table 7.5

Particulars of the regression curve weld experiment series

Weld process

GTAW

Shield gas

100% Ar

Weld Polarity

DCEN (DC-)

Gas cup

Ø 11 mm
(Linde No. 13N11)

Electrode

Ø 2,4 mm

Gas lens

Linde No. 45V44

Welding speed

5,35 mm/s

Gas flow

15 l/min

Arc voltage

9V

Arc current

155 A

QW

0,52 kJ/mm

Water temp.

3°C ( T0 )

Fresh water flow = 0,5 and 1.0 litre/s
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7.4 IIW RSDP Round Robin weld
7.4.1

Introduction

A thoroughly reviewed and documented weld residual stress field measurement
record for the weld test coupons of the IIW RSDP Round Robin Phase II
benchmark project [1] has been published [2 – 3].
The IIW RSDP Phase II weld test coupon consists of a 270-mm long, 200-mm
wide and 30-mm thick 316LNSPH austenitic stainless steel plate with a
longitudinal weld joint bevel machined in the centre line of the surface. The
chemical composition of the plate was as stated in Table 7.6.
Table 7.6

Chemical Composition in weight % of 316LNSPH [1]

C

Si

Mn

P

S

Cr

Ni

N

Mo

0,024

0,38

1,76

0,023

0,001

17,31

12,05

0,07

2,55

During the test welding activity, the test plate was simply supported at three
points with a run-on plate attached to one end of the test plate, resulting in a
thermo-mechanical contact interaction between the two plates, see Figure 7.7
[182 – 183]. The butt weld consists of two weld passes constructed by
mechanised GTAW, resulting in a root pass weld metal area of 17.5 mm2 and a
total weld metal area of 38.5 mm2, see macro picture in Figure 7.6 [3]. The
particulars of the IIW RSDP Phase II weld test provided by [1 – 3] are
presented in Table 7.7.

Figure 7.6

2

Left: Root pass weld metal area = 17.5 mm
2
Right: Final weld metal area = 38.5 mm [3]
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Table 7.7

Particulars of the IIW RSDP Phase II test welding

Weld process

GMAW

Base material

316LNSPH

Consumable

316L

Interpass temp.

20 °C

Preheat temp.

20 °C

Arc voltage

9V

Arc current

155 A

Welding speed

41 mm/min

Wire feed speed

444 mm/min

Figure 7.7

Weld joint geometry

Top: Photography from the IIW RSDP Phase II benchmark test welding
activity [182] ; Lower: Dimensions of the IIW RSDP Phase II benchmark
test weld coupon [1] and [183]
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7.4.2

IIW RSDP Phase II feasibility weld test

In [1], it is stated that GMAW was used, and the weld process parameters
presented were found to be remarkably low for the GMAW process. A weld
bead on plate feasibility test welding was carried out to identify if it is possible to
produce an acceptable GMAW weld bead by the use of presented weld bead
parameters [23]. The particulars of the feasibility test welding activity are
presented in Table 7.8.
Table 7.8

Particulars of the feasibility test welding activity

IIW Round Robin [1]

Feasibility welding [23]

Weld process

GMAW

GMAW

Welding Machine

Not stated

ESAB Aristo MIG 500

Control unit

Not stated

ESAB U8

Shielding gas

Not stated

100% Argon

Weld Polarity

Not stated

DCEP (DC +)

Base material

316L

316L

Consumable

316L

ER316LSi (OK 16.32)

Consumable Ø

Not stated

1.2 mm

Arc voltage

9V

12.5 V

Arc current

155 A

121 A

Welding speed

41 mm/min

Not used

Wire feeding speed

444 mm/min

13.33 mm/min

The weld test results clearly demonstrate that it is not physically possible to
produce a GMAW weld with the parameters stated in [1], see Figure 7.8.

Figure 7.8

Appearance of the three weld beads produced at the feasibility
test welding
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7.4.3

Identification of weld metal yield strength

To identify the yield strength value of the weld metal by the use of hardness test
results [100], feasibility test welding was carried out by manual GTAW of an
ER316LSi welding consumable [96]. For this test, two weld passes were
constructed with the weld heat inputs 1.8 kJ/mm (Root) and 3.2 kJ/mm (Run2). The weld was made in a rectangular weld groove (5 x 5 mm) that had been
machined in the longitudinal centre-line of a 300-mm long, 200-mm wide and
30-mm thick 316L austenitic stainless steel plate.
Particulars of the test plate are: ASME IIA ED.2010 + AD11 SA 240/M - UNS
S31603 (316L); EN 10028-7:2007 + AD2000W2 + ADW10 – X2CrNiMo1712-2 (1.4404); 1050 °C - 1 min/mm Air solution annealed; manufactured by
ArcelorMittal, Marchienne-au-Pont, Belgium, Doc. No. 2013-117720; Ref. No.
9415 rev 00/SH NOR2013/0077; Heat No 40261. The plate’s yield strength is
283 MPa and its chemical composition is stated in Table 7.9. The chemical
composition of the welding consumable is stated in Table 7.10.

Table 7.9

C
0.022

Chemical Composition in weight % of 316L (Heat No 40261) [1]

Si

Mn

0.288

1.855

P

S

0.0357

0.021

Cr
16.997

Ni

Mo

10.022

2.010

N
0.0540

Table 7.10 Chemical Composition in weight % of ER316LSi (Lot No.
PV3503724641) [96]

C

Si

< 0.01 0.9

Mn
1.8

P
0.015

S
0.010

Cr

Ni

18.4

12.2
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Mo
2.6

Cu

N

0.05

0.05

FN
10

7.4.4

Metallurgy examination

A sample was extracted from the plate’s midsection for the sake of hardness
testing, macroscopic, and optical microscopy examination. The sample was
polished (Grit 2500) and etched with V2A-Beis at 55°Gr.
The hardness testing was done along 3 lines as illustrated in Figure 7.9, and the
hardness test values along the three lines are presented in Figure 7.10 - 7.11.

Figure 7.9

Illustration of the three hardness testing lines’ location on the macro
section
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Figure 7.10

Hardness test values along the lines – 3 mm and – 15 mm on both
sides of the weld centre line

Figure 7.11

Hardness test values along the weld centre line from the top surface
in the downward direction
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8

Apparent thermal conductivity

8.1 Introduction
From the experimental results of the in-service welding experiment in Chapter
7.3, it has been found feasible to produce weld joints exposed to a forced flow
of fluid on the reverse side of the weld pool without any preheating.
The weld cooling time ΔtT1/T2 is an important parameter for the welding of
metal alloys as it affects the weld joint’s microstructure and thus its mechanical
properties. Analytic solutions to the problem of arc-weld cooling time is
presented in Chapter 4.5. However, the analytical solutions presented in Chapter
4.5 suggest, among other simplifications, that the heat flow through the surface
of the base materials has to be disregarded as it limits the solution’s application
to weld joint problems with very low boundary layer values, such as still air and
vacuum.
Nevertheless, through the introduction of the apparent thermal conductivity,
kPL,it was found feasible to derive the weld cooling time of weld joints affected
by a boundary layer from Rosenthal’s 3D Heat flow equation, see Equation 4.3,
and boundary layer approximations, see Equation 6.1 – 6.5.
To make the algorithm useable, the magnitude of the apparent thermal
conductivity kPL, was determined by regression analysis of the CWM results, and
the verifying weld experiments.

8.2 Experimental results of in-service welding
During analysis of the experiment’s temperature record, it was noted that the
temperature recording of weld No. A2 had failed due to lack of contact (the
thermocouple burned off). In addition, the peak temperature of the welds was
expected to measure at 1000°C, which was only achieved in welds Nos. A3, B1,
B2, B3, C3, and D3. Peak temperatures measured in the remaining welds are
given in Table 8.1.
The fact that the peak temperatures of all welds produced by Ø 4.0 mm
consumables are measured at 1000°C indicates that the low peak temperatures
depend on a weld pool - thermocouple mass ratio. If the mass of the
thermocouple is comparatively large in relation to the mass of the weld pool, an
instantaneous drop in temperature and subsequent solidification occurs when
the thermocouple penetrates the weld pool.
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It cannot be excluded that some weld pools have been super-cooled by some
hundred degrees (100-200°C). However, the weld pool temperatures have,
without any doubt, measured at about 1500°C, as the steel was in the state of a
liquid fluid [179].
Table 8.1

Weld melt pool peak temperatures measured to be below 1000 °C

Weld No.

A1

C1

C2

D1

D2

Ø , mm

2,5

3,2

3,2

2,5

2,5

Peak temp.
measured

698 °C

869 °C

702 °C

667 °C

900 °C

From the values of the experiment’s temperature record the cooling time of
various ΔtT1/T2 were calculated. It is noted that the sampling frequency of the
DAQ should be increased from 10 Hz to about 1 kHz at welding with a forced
flow of fluid on the reverse side of the weld melt pool in order to capture the
very rapid cooling time between 800°C and 500°C (Δt8/5).
From the result of the convergence analysis, it is understood that the apparent
thermal conductivity, kPL, should be calculated as a function of Δt10/4. The
upper temperature, 1000°C, was selected because it is the peak temperature
measurable with a type K thermocouple of tolerance class 1 [185]. The lower
temperature, 400°C, was selected as it is fairly well below the martensite phase
transformation stop-limit of the materials used in ships and offshore structures,
as well as pipelines [186 – 188].
The hardness of test coupon No. 2 in each group was tested with 30 indents, in
a line perpendicular to the weld [189]. In order to verify that the values of test
coupons No. 2 were representative for its group, a confirmatory check of the
remaining coupons was carried out with 6 indents, in a line perpendicular to the
weld [190]. The peak hardness, measured in the coarse grain zone of HAZ,
aligns fairly well with the values indicated in the CCT-diagram of a similar
material [191]. Hardness values measured on the test coupon No. 2 of each
group are listed in Table 8.2.
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Table 8.2

Maximum hardness values of test coupons No. 2

Coupon No.

Weld metal
max. HV

Coarse grained zone
max HV

A2

238

350

B2

269

329

C2

373

346

D2

286

343

The optical microscopy of the unaffected base material’s microstructure
indicates a banded microstructure dominated by ferrite and perlite [192 – 193],
see Figure 8.1 and Figure 8.2. The optical microscopy of the microstructure in
the area of the fusion line on the wet test coupons shows that the dominating
microstructure in the coarse grain zones has a martensitic - bainitic structure, see
Figure 8.3 – 8.6.

Figure 8.1

Micro section of unaffected base material test coupon No. B2. Light
areas are ferrite grains; dark areas, perlite. Magnification 75 x
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Figure 8.2

Micro section of unaffected base material test coupon No. B2. Light
areas are ferrite grains; dark areas, perlite. Magnification 290 x

Figure 8.3

Micro structure of the coarse grain zone from test coupon No. A2. The
dominating microstructure in the coarse grain zones has a martensitic bainitic structure. Magnification 290 x
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Figure 8.4

Micro structure of the coarse grain zone from test coupon No. B2. The
dominating microstructure in the coarse grain zones has a martensitic bainitic structure. Magnification 290 x

Figure 8.5

Micro structure of the coarse grain zone from test coupon No. C2. The
dominating microstructure in the coarse grain zones has a martensitic bainitic structure. Magnification 290 x
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Figure 8.6

Micro structure of the coarse grain zone from test coupon No. D2. The
dominating microstructure in the coarse grain zones has a martensitic bainitic structure. Magnification 290 x

8.3 Fully 3D thermal transient FE-weld simulation
The apparent thermal conductivity kPL , is for a given base material quality and
weld heat input described by Equation 8.1. It was found feasible to derive the
weld cooling time of weld joints affected by a boundary layer ΔtPL T1/T2 , see
Equation 8.2, from Rosenthal’s 3D Heat flow equation, see Equation 4.3, and
boundary layer approximations, see Equation 6.1 – 6.5.
Equation 8.1

Equation 8.2

𝑘𝑘𝑃𝑃𝐿𝐿 = 𝑘𝑘𝑃𝑃𝐿𝐿 �𝛼𝛼𝑓𝑓 , 𝛿𝛿�
𝑄𝑄

1

1

∆𝑡𝑡𝑃𝑃𝐿𝐿 𝐶𝐶1 /𝐶𝐶2 = 2𝜋𝜋𝜋𝜋𝑤𝑤 �𝑇𝑇 −𝑇𝑇 − 𝑇𝑇 −𝑇𝑇 �
𝑃𝑃𝑃𝑃

2

0

1

0

To make the algorithm useable, the magnitude of the apparent thermal
conductivity kPL, see Equation 8.3, should be determined.
Equation 8.3

𝑄𝑄

1

1

𝑤𝑤
𝑘𝑘𝑃𝑃𝐿𝐿 = 2∙𝜋𝜋∙∆𝑢𝑢𝑇𝑇
∙ �𝑇𝑇 −𝑇𝑇 − 𝑇𝑇 −𝑇𝑇 �
/𝑇𝑇
1

2

2
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0

1

0

A total number of 112 Finite Element analyses were solved in order to establish
the function of kPL. FEMLAB (versions 2.2 and 2.3), a commercial Finite
Element method software, was utilized to simulate GTAW weld bead on plate
welding of steel plates affected by a forced flow of fluid on its reversed side.
The principle design of the models used is a rectangular steel plate (0.50 x 0.08
m) with the thicknesses, δ = 5, 7.5 , 10, 15, . . . , 75 mm, exposed to seven
different heat transfer coefficients which are 0,01 kW/m2 °C ; 1 kW/m2 °C ; 2
kW/m2 °C ; 4 kW/m2 °C ; 6 kW/m2 °C ; 8 kW/m2 °C ; and 10 kW/m2 °C. The
models are meshed by parabolic tetrahedron elements (4 corner nodes and 6
side nodes). The FEM models are time dependent and simulate the heat input
of GTAW in the form of a rectangular flux (2.0 x 1.0 mm2), traveling
longitudinally on the edge of the plate’s top surface with a time-step frequency
of 1 Hz, see Figure 8.7. Particulars of the WPS and the thermal material
properties used at the thermal FEA are presented in Table 8.3.

Figure 8.7

The FEM model used to solve the cooling time ΔtT2/T1 in 20-mm thick
steel plates
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Table 8.3

Particulars of the WPS and base material properties used at the FEA

Weld process

Mech. GTAW

Air temperature

10 °C

Welding Speed

0.005 m/s

Water temperature

10 °C

ρ = 7850 kg/m3

C = 460 J/°C

k = 45 W/(m °C)

Pass No.

Qw
( kJ/mm )

U
(V)

I
(A)

Vw
( m/s )

First Pass

1.5

20

375

5 · 10-3

All simulations were executed on an in-house built Linux workstation with the
following general configuration: motherboard MSI Pro266TD Master-LR2,
CPU 2 x Intel Tualatin 1.13 GHz with 512 K L2 cache, RAM 2 x 1.024 GB, and
OS SuSE Linux 8.0 Professional with its standard SMP-kernel. On completion
of the weld simulations, the results ΔtT1/T2 were used to calculate the apparent
thermal conductivity (kPL) using Equation 8.3, see Table 8.4.
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Table 8.4

Apparent thermal conductivity, kPL , calculated from the CWM results

δ
(mm)

αf
0.01 kW

αf
1 kW

αf
2 kW

αf
4 kW

αf
6 kW

αf
8 kW

αf
10 kW

5

3

31

57

94

125

144

161

7,5

5

25

41

67

85

105

117

10

7

24

35

54

64

74

87

15

16

27

35

44

50

54

58

20

30

36

39

44

46

48

49

25

41

42

43

45

45

46

46

30

44

45

45

45

45

45

45

40

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

50

45

45

45

45

45

45

45

55

45

45

45

45

45

45

45

60

45

45

45

45

45

45

45

65

45

45

45

45

45

45

45

70

45

45

45

45

45

45

45

75

45

45

45

45

45

45

45

79

8.4 Regression analysis
A review of the kPL values in Table 8.4 indicates the 3D heat flow limit thickness
δ3D to be about 20 - 30 mm. The ‘2D-3D Heat Flow selection diagram’ (see
Figure 4.2) for the actual base material indicates δ3D to be about 13 mm.
Furthermore, it is known that the water’s heat transfer coefficient αf is unstable
at values less than 1 kW/m2 °C due to boiling phenomena associated with the
welding operations [4]. It suggests that the regression analysis will be carried out
by the kPL values from models in the thickness range of 5–15 mm and heat
transfer coefficient αf of 1–10 kW/m2 C. These values are used to compile a kPL
figure to facilitate the work of the regression analysis. Its resolution is dependent
on the time-step frequency (1 step/s) of the FEM models used. Even so, the
result falls within a narrow band of equations, see Figure 8.8.
The regression analysis was performed by the least-squares method. As a result,
the function of the apparent thermal conductivity kPL was approximated (see
Equation 8.4) and a figure for the thicknesses 5 mm, 7.5 mm, 10 mm, and 15
mm could be compiled, see Figure 8.9.
Equation 8.4

𝑘𝑘𝑃𝑃𝐿𝐿 �𝛼𝛼𝑓𝑓 , 𝛿𝛿� = 1.45 ∙ 𝛼𝛼 0.65 ∙ 𝛿𝛿 −0.78

80

Figure 8.8

The figure indicates the kPL function’s form; its resolution depends on
the time-step frequency used (1 step/s)

Figure 8.9

The figure indicates the graphs of the kPL function

8.5 Experimental validation of regression curves
During processing and analysis of the experiment data in Chapter 5.4, it was
found that three of the six acquisitions resulted in useable weld cooling times
ΔtT2/T1. Two of these were recorded during welding with a water flow of
0.5·10−3 m3/s, giving a heat transfer coefficient αf of 10.4 kW/m2 °C, and the
remaining one was recorded during welding with a water flow of 1·10−3 m3/s,
giving a heat transfer coefficient αf of 18,5 kW/m2 °C. The successfully
recorded parameters of the welds are stated with the calculated values of kPL
(using Equation 8.4) in Table 8.5.
It should be noted that the weld heat efficiency factor used, η = 0.6, is in strict
accordance with the standard EN 1011-1.
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Table 8.5

Recorded weld test parameters with kPL-values

Parameters

Weld 1

Weld 2

Weld 3

α
( kW/m2 °C )

10.4

10.4

18.5

η

0.6

0.6

0.6

Qw
( kJ/mm2 )

0.52

0.52

0.52

ΔtT800/T500
(s)

1.44

1.31

0.99

kPL
experiment

158

173

228

kPL
Equation 8.4

179

179

261

It is also believed that the precision of the kPL function will increase with the use
of temperature-dependent non-linear thermal material data in combination with
larger scale validation experimental series. The accuracy of the temperature
reading may be improved by the usage of another type of thermocouple, i.e.,
type S [185]. Even so, the precision of the algorithm described in this study can
be considered suitable for industrial in-service welding operations in a forced
flow of fluid of fine-grained carbon and carbon-manganese steels with CEIIW ≤
0.32 %, see Chapter 7.2 and 7.3.
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9

Validation of the CWM methodologies

9.1 Introduction
The performance of the fully 3D and 2D GPS transient thermo-mechanical
staggered coupled FEA methodologies, as described in Chapter 3, have been
validated toward the thoroughly reviewed and documented IIW RSDP Round
Robin Phase II benchmark project [1 – 3] and [182 – 183]. The features of the
benchmark project’s weld test coupon are described in Chapter 7.4.
The purpose of the validation activity was to identify each methodologies’
capacity of predicting WRS in the mid-distance, cross-section plane of a weld
joint constructed by multi-weld pass WPS. In addition, the purpose was to
identify how much the results deviate between the two methods.
The IIW RSDP Round Robin Phase initiative was launched by the International
Institute of Welding’s (IIW) working group for Residual Stress and Distortion
Prediction (RSDP) as a collaboration among the IIW Commissions for the
purpose of defining a common IIW RSDP working procedure recommendation
[194]:
C-X

Structural performances of welded joints - fracture avoidance

C-XIII

Fatigue of welded components and structures

C-XV

Design, analysis, and fabrication of welded structures

Two Round Robin benchmark studies were carried out by the RSDP work
group in order to learn more about the capacity of the present FE software and
the modelling techniques. The two benchmarks have been presented in several
IIW Documents but also in [194 – 195].
Phase 1, which was a purely numerical exercise, with FE-mesh, material
parameters, and weld process parameters given, still showed large variations in
the final residual stress field between the different participants in the Round
Robin. The working group believes this variation was caused by the element
types used, as well as the modelling of the (plastic) hardening behaviour (which
was not prescribed) [195].
Phase 2 consisted of both a numerical and an experimental Round Robin test
phase. Therefore, a large number of WRS test results from three individually
manufactured test plates are presented in [3], but only the results of the Neutron
and X-Ray diffraction test laboratories are presented with tolerance values.
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These WRS-results were selected for use in the validation of the CWM results as
we have greater confidence in them. The WRS values have been sampled on the
midsection of the weld test coupon’s CWM-model (see Figure 9.1) along the
four lines illustrated in Figure 9.2, and the thermal results of the CWM analysis
were evaluated by comparison of the CWM weld metal area against the macro
section dimension of the IIW RSDP test welding activity [1], see Figure 9.3.

Figure 9.1

Dimensions of the IIW RSDP Phase II benchmark test weld coupon.
The vertical red line indicates the location of the mid-cross section, all
distances in mm.
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Figure 9.2

Illustration of the four lines (three horizontal and one vertical) along
which the measured and simulated WRS-values are compared.

Figure 9.3

Geometry and dimension of the IIW RSDP Round Robin Phase II
macro section [1]. The dashed curved line indicates the position of
the fusion line between the root bead and the second bead.
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In this section, both 3D and 2D simulations will be presented. They will be
compared to one another in order to understand the improved results, which
could motivate the longer 3D calculation time. The results are then compared to
the measured values presented in the reports from the Round Robin exercise.
Comparison is also made with simulation results from the Round Robin [3] and
[53]. First, however, measurements of residual stresses using X-ray and neutron
diffraction will be reviewed.

9.2 Neutron and X-Ray diffraction measurement
Before the modelling commenced, the residual stress values obtained
experimentally by neutron and X-Ray diffraction [3] were reviewed. Discussed
in [113] and [196 – 197] is a typical longitudinal WRS distribution profile in the
cross-section plane of a single bead butt weld joint, as illustrated in Figure 9.4.
There, the weld joint has been made in a C-Mn steel plate (σyield ≈ 235 – 355
MPa) with a yield strength and chemical composition matching consumable.

Figure 9.4

Textbook example of the longitudinal WRS distribution in the crosssection plane of a single bead butt weld joint,made in a C-Mn steel
plate with a yield strength and chemical composition matching
consumable (σyield ≈ 235 – 355 MPa)
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Unfortunately, a typical longitudinal WRS distribution profile in the crosssection plane of a multi-pass austenitic stainless steel butt weld joint, to be used
at benchmarking of the X-ray and Neutron diffraction WRS measurement
profiles, could not be found in the literature or elsewhere.
Neutron and X-Ray diffraction WRS measurement values from [3] are presented
in Figure 9.5 – 9.8.
In Figure 9.5, a longitudinal WRS magnitude (zz-direction) on the surface of the
welded sample is shown. The WRS values were measured using X-ray
diffraction by two laboratories: Laboratory A and Laboratory B. It should be
noted that Laboratory B has not presented any WRS-results for the weld metal
region. Laboratory A has measured the WRS on one side of the weld centre line
only and found weld compressive stresses 20 mm from the weld centreline.
About 10 mm from the weld centreline a peak of about 450 MPa in the tensile
residual stress was found. The WRS magnitude trends down to almost 0 MPa
near the fusion line, thereafter rising to a new tensile residual stress peak of
about 300 MPa near the weld joint centreline.
In Figure 9.6, a longitudinal WRS magnitude 3 mm below the surface of the
welded sample is shown. The WRS values were measured using neutron
diffraction. Far from the weld, compressive stresses are indicated. About 10 mm
from the weld centreline a peak of about 300 MPa in the tensile residual stress
was found. The WRS magnitude trends down to about 200 MPa near the weld
joint centreline.
In Figure 9.7, a longitudinal WRS magnitude 15 mm below the surface of the
welded sample is shown. The WRS values were measured using neutron
diffraction. It should be noted that both Laboratory A and Laboratory B
measured the WRS on one side of the weld centreline only. Near the weld joint
centreline, maximum tensile residual stresses of about 200 MPa were found. The
WRS magnitude trends down to 0 MPa on a distance of about 30 mm from the
weld centreline, thereafter transforming into compressive stresses.
In Figure 9.8, the transversal WRS magnitude (xx-direction) along the weld joint
centreline of the welded sample is shown. The WRS values were measured using
Neutron diffraction. The maximum tensile residual stresses found is about 3 - 7
mm below the top surface. The transversal WRS changes from tensile to
compressive stresses at about 10 mm below the surface, and increases its
maximum compressive stress value to 100 MPa at 15 mm below the surface.
Thereafter, the transversal stress becomes tensile again at about 25 mm below
the top surface.
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It should be noted that the WRS-magnitude in the weld centreline declines from
300 MPa at the top surface (see Figure 9.5) to about 180 MPa 3 mm below the
top surface (see Figure 9.6), indicating that there are steep WRS gradients in the
weld metal being produced at the same weld pass and welding sequence
(Laboratory A versus Laboratory H and P).
In Figure 9.9, the WRS-curves, as produced by Laboratory A and P, are plotted
to facilitate the comparison. There are two significant differences between the
curves. First, the residual stress level in the HAZ is very high, as measured by XRay diffraction. Second, in comparing the residual stress values in the weld
metal for X-Ray diffraction on the top surface, a local maximum stress was
found, while for Neutron diffraction at -3 mm, a minimum in residual stress was
found.
The observed variation between the WRS-curves in Figure 9.5 – 9.9 is believed
to be the combined result of the tests being performed on three individually
manufactured test plates and of the individual test laboratories deriving the
WRS-values from an unknown distance measured from the weld test coupon’s
mid-cross section [3]. The individual manufacturing of the weld test coupons is
described in Chapter 5.5 of this thesis. With this background on the variations
between the X-Ray and Neutron diffraction measurement results, it is possible
to validate the CWM-platform’s performance as shown in the WRS-curves in
Figure 9.5 – 9.8.
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Figure 9.5

WRS test results in the longitudinal direction – X-Ray diffraction,
line: 0 mm. The tolerance values of Laboratory A are about ± 85 MPa
in the weld metal and ± 20 MPa in the unaffected base material. The
tolerance values of Laboratory B are about ± 50 MPa; the blue dotted
lines indicate the location of the fusion lines (FL).

Figure 9.6

WRS test results in the longitudinal direction – Neutron diffraction,
line: - 3 mm. The tolerance values of Laboratory H are about ± 20 MPa,
and for Laboratory P, the tolerance values are about ± 30 MPa. The
blue dotted lines indicate the location of the fusion lines (FL).
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Figure 9.7

WRS test results in the longitudinal direction – Neutron diffraction
line: -15 mm.The tolerance values of Laboratory H are about ± 20 MPa,
and for Laboratory P, the tolerance values are about ± 25 MPa. The
blue dotted lines indicate the location of the fusion lines (FL).

Figure 9.8

WRS test results in the transversal (xx) direction – Neutron diffraction,
line: CL. The tolerance values of Laboratory H are about ± 27 MPa,
and for Laboratory P, the tolerance values are about ± 14 MPa
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Figure 9.9

WRS test results in the longitudinal direction – X-Ray diffraction.
Laboratory A line: 0 mm; Neutron diffraction ; Laboratory P, line: - 3
mm. The blue dotted lines indicate the location of the fusion lines (FL).

9.3 Fully 3D CWM
Fully 3D transient thermo-mechanical staggered coupled FEM-weld simulation
was carried out by the use of the CWM-platform as described in Chapter 5 on a
model replicating the features of the IIW RSDP Round Robin Phase II
benchmark [1 – 3] weld test coupon described in Chapter 7.4.
It is not stated clearly in [1] or [3] the type of 316L welding consumable that was
used for the welding, i.e., there is no information available on the electrode’s
thermal and mechanical data. Based on the hardness test results presented in
Chapter 9.4.1, an ER316LSi type welding consumable with an all weld metal
yield strength of about 320 MPa at 20 °C [116] is used because it has been
found to be most realistic in this specific case. The temperature-dependent
mechanical material data was taken from the high-temperature test data of a
316L material at hand [95] for weld metal material modelling. The thermal and
mechanical data used and the constitutive material modelling for the FEA are
presented in Chapter 4.14.

91

The 3D-model was simply supported on three points (see Figure 9.10) and
constructed with linear 8-node thermal and mechanical elements, using a high
element density in the weld region to capture the high temperature gradients
present, see Figure 9.11.

Figure 9.10

Illustration of the 3D-model’s simple support configuration

Figure 9.11

Illustration of the 3D-model’s mesh (left) – close-up view of the 3Dmesh (right)

Essential particulars of the CWM-analysis are presented in Table 9.1 and Table
9.2, whereas the thermal and mechanical solvers and element formulations used
are described in Chapter 5. At completion of the second weld pass, the run-on
plate was discarded, and the final formatted test plate was brought into
equilibrium with one additional thermo-mechanical coupled FEA, and simply
supported on three points.
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Table 9.1

Weld process data used at the 3D CWM analysis

Base material

316LNSPH

Consumable

ER 316LSi

Weld heat power

837 W

Welding speed

41 mm/min

Groove area

30.0 mm2

Root pass area

12.2 mm2

Second pass area

17.8 mm2

Weld joint geometry

Preheat and interpass temp.

20 °C

Material hardening formulation

100 % Kinematic

Presumed grain size of base material

20 μm

Presumed grain size HAZ

50 μm

Presumed grain size of weld metal

50 μm

Goldak weld heat source config.
Forward fraction ff

0,500

Aftward fraction fa

1,500

Weld pool radius a

2,357 mm

Weld pool radius b

2,357 mm

Weld pool radius c1

1.000 mm

Weld pool radius c2

3,000 mm

Smallest element
size used (μm):
250 x 375 x 1000

Goldak weld heat source
nomenclature
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Table 9.2

Essential particulars of the 3D CWM analysis

Element data

Degrees of freedom

Mech. element type

ELFORM -2

Therm. DOF

306114

Number of elements

296993

Mech. DOF

1836668

Number of nodes

306114

Total DOF

2142782

Start temp.

Stop temp.

Residual stress release activation

1030 °C

1100 °C

Therm. weld filler material activation

1407 °C

1433 °C

Mech. weld filler material activation

1500 °C

1510 °C

Therm. solver

Mech. solver

Time stepping

0,017 s

0,0595 s.

Absolute convergence tolerance

1,0 · 10-10

1,0 · 10-20

Convergence tolerance

1,0 · 10-4

-

Relative convergence tolerance

1,0 · 10-4

-

Max. temp. change in each time step

100 °C

-

Displacement convergence tolerance

-

1,0 · 10-3

Energy convergence tolerance

-

1,0 · 10-2

Residual force convergence tolerance

-

1,0 · 1010

Line search convergence tolerance

-

9,0 · 10-1

Temp. activated functions

Implicit solver settings
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9.3.1

Fully 3D CWM Results

The weld metal area of the fully 3D FEM-weld simulation is in fairly good
agreement with the macro section from the IIW RSDP test welding activity, see
Figure 9.3 and Figure 9.12. However, the arc weld simulation of the root pass
over-predicted the weld metal penetration by 1.6 mm and the second pass overpredicted the weld metal penetration with 0.7 mm.

Figure 9.12

Illustration of the fully 3D CWM macro section. Here, the dark grey lines
constitute the border between the CWM-model’s different parts. The
base material is represented by the blue; the root pass weld metal, by
yellow; and the second pass, by red.

The CWM-results of the formatted test plate were collected along the four lines
shown in Figure 9.2. The CWM-results are presented, along with the Neutron
and X-Ray results of the IIW RSDP benchmark initiative, in Figure 9.13 – 9.16.
In the forefront of Figure 9.13, the calculated longitudinal WRS magnitude (zzdirection) on the plate’s top surface is shown with the results of Laboratory A
and Laboratory B in the background. For the calculated stresses, one can see
that the peak tensile residual stress, 310 MPa, is located on the weld centreline.
The WRS magnitude trends down to about 200 MPa on both sides of the peak
stress region, thereafter rising to a new tensile residual stress peak of about 270
MPa. Finally, the WRS magnitude trends down to compressive stresses at a
distance of about 40 mm from the weld centreline. The shape of the calculated
WRS-curve broadly aligns with the curve produced by Laboratory A. There is
also agreement between the WRS-values in the weld metal region. But the
CWM-curve is “wider” and does not reach the same maximum tensile (500
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MPa) and compressive stress magnitude (–200 MPa) as the Laboratory A curve.
There is less agreement with the measured values from Laboratory B, both near
the weld metal and in the base metal far away from the weld. There is also a
significant difference between calculated and measured tensile residual stress
values about 3 – 5 mm from the fusion lines. The calculated value is about 170
MPa higher as compared to the measured value.

Figure 9.13

Fully 3D CWM- and WRS-test results in the longitudinal (zz) direction,
X-Ray diffraction method, line: 0 mm. The blue dotted lines indicate the
location of the fusion lines (FL).

In the forefront of Figure 9.14, the calculated longitudinal WRS magnitude (zzdirection) 3 mm below the plate’s surface is shown with the results of
Laboratory H and Laboratory P in the background. Also, on this line, one can
see that the calculated maximum tensile residual stress, 350 MPa, is located at
the weld centreline. The WRS magnitude trends down to about 300 MPa on
both sides of the maximum stress region, thereafter rising to a new tensile
residual stress peak of about 320 MPa before the WRS magnitude trends down
to compressive stresses at a distance of about 40 mm from the weld centreline.
The shape of the calculated WRS curve aligns fairly well with the curves of
Laboratory H and Laboratory P, except that both measurements show a
minimum in residual stress in the weld metal, while the calculated curve has a
maximum here.
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In the forefront of Figure 9.15, the calculated longitudinal WRS magnitude (zzdirection) 15 mm below the plate’s surface is shown with the results of
Laboratory H and Laboratory P in the background. Also, here, the maximum
tensile residual stress, 290 MPa, is located at the weld centreline. The WRS
magnitude trends down to compressive stresses at a distance of about 30 mm
from the weld centreline. The shape of the calculated WRS curve aligns fairly
well with the curves of Laboratory H and Laboratory P. The calculated value is
about 150 MPa higher as compared to the measured value.

Figure 9.14

Fully 3D CWM- and WRS-test results in the longitudinal (zz) direction
Neutron diffraction method, line: -3 mm. The blue dotted lines indicate
the location of the fusion lines (FL).
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Figure 9.15

Fully 3D CWM- and WRS-test results in the longitudinal (zz) direction
Neutron diffraction method, line: -15 mm. The blue dotted lines indicate
the location of the fusion lines (FL).

In the forefront of Figure 9.16, the calculated transversal WRS magnitude (xxdirection) along the weld joint centreline is shown with the results of Laboratory
H and Laboratory P in the background. The maximum tensile residual stresses,
130 MPa, found are about 8 mm below the top surface. The transversal WRS
changes from tensile to compressive stresses at about 2 mm below the surface
and reaches its maximum compressive stress value of 30 MPa at 23 mm below
the surface. Thereafter, the transversal stress becomes tensile again at about 26
mm below the top surface. The shape of CWM-curve broadly aligns with the
curve of Laboratory P down to 12 mm below the surface, taking into account
that the curve of Laboratory P is constituted of four data points only and the
CWM-curve was constructed with 31 points of data. The CWM-curve has its
maximum compressive stress, -30 MPa, located at 23 mm, while Laboratory H
and Laboratory P both have a maximum compressive stress of -100 MPa 15
mm below the surface.
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Figure 9.16

Fully 3D CWM- and WRS-test results in the transversal (xx) direction
Neutron Diffraction method, Line: CL

The fully 3D CWM results align fairly well with the experimental WRS-results.
The weld simulation has captured the general trends, but not always at exactly
the same location or the same magnitude, as shown in the WRS-measurement
curves. Examples include the WRS-curves of Laboratory H and P in Figure
9.14, Figure 9.15 and Figure 9.16. There, the major issue or deviation is the weld
metal WRS-magnitude on the -3 mm line in Figure 9.14. The CWM-analysis
predicts that the WRS-value should increase from about 300 MPa to 350 MPa in
the weld metal area, and the measured WRS-curves indicates that WRS-value
should decrease from about 300 MPa to 180 MPa at the same location. In
Figure 9.13, there is good agreement between the calculated WRS-curve and
Laboratory A’s WRS-values in the weld metal region. The CWM-curve is
“wider” and does not reach the same maximum tensile (500 MPa) and
compressive stress magnitude (–200 MPa). There is less agreement with the
WRS-curve of Laboratory B, and there is a significant difference between
calculated and measured tensile residual stress values 5 mm from the fusion
lines.
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9.4 2D generalised plain strain CWM
The 2D transient thermo-mechanical staggered coupled FEM-weld simulation
was carried out on a model replicating the mid-cross-section of the 3D-model
used in Chapter 7.4. The thermal and mechanical data used and the constitutive
material modelling for the FEA are presented in Chapter 4.14.
The 2D-model was simply supported on one point to ensure that the effects of
the asymmetric mechanical boundary conditions were captured by the CWManalysis methodology, see Figure 9.17. Furthermore, the model was constructed
with linear 8-node thermal and mechanical elements, using a high element
density in the weld region to capture the high temperature gradients present, see
Figure 9.18. Essential particulars of the CWM-analysis are presented in Table 9.3
and Table 9.4, and details of the element formulation and the thermal and
mechanical solvers used are described in Chapter 5.

Figure 9.17

Illustration of the 2D-model’s simple support configuration

Figure 9.18

Illustration of the 2D-model’s geometry and mesh
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Table 9.3

Weld process data used at the 2D CWM analysis

Base material

316LNSPH

Consumable

ER 316LSi

Weld heat power

837 W

Welding speed

41 mm/min

Groove area

30.0 mm2

Root pass area

12.2 mm2

Second pass area

17.8 mm2

Weld joint geometry

Preheat and interpass temp.

20 °C

Material hardening formulation

100 % Kinematic

Presumed grain size of base material

20 μm

Presumed grain size HAZ

50 μm

Presumed grain size of weld metal

50 μm

Root pass weld heat source
configuration

Second pass weld heat source
configuration
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Smallest element size
used (μm):
250 x 375

Table 9.4

Essential particulars of the 2D CWM analyse

Element data

Degrees of freedom

Mech. element type

ELFORM 2

Therm. DOF

1162

Number of elements

2422

Mech. DOF

4065

Number of nodes

1162

Total DOF

5227

Temp. activated functions

Start temp.

Stop temp.

Residual stress release activation

1030 °C

1100 °C

Therm. weld filler material activation

1407 °C

1433 °C

Mech. weld filler material activation

1600 °C

1600 °C

Therm. solver

Mech. solver

Time stepping

0,017 s

0,0595 s.

Absolute convergence tolerance

1,0 · 10-10

1,0 · 10-20

Convergence tolerance

1,0 · 10-4

-

Relative convergence tolerance

1,0 · 10-4

-

Max. temp. change in each time step

100 °C

-

Displacement convergence tolerance

-

1,0 · 10-3

Energy convergence tolerance

-

1,0 · 10-2

Residual force convergence tolerance

-

1,0 · 1010

Line search convergence tolerance

-

9,0 · 10-1

Implicit solver settings

9.4.1

2D CWM results

The weld metal area of the fully 2D FEM-weld simulation is also in fairly good
agreement with the macro section from the IIW RSDP test welding activity, see
Figure 9.3 and Figure 9.19. The arc weld simulation of the root pass overpredicted the weld metal penetration by 0.9 mm, and the second pass overpredicted the weld metal penetration by 0.7 mm. The contour line of the weld
metal indicates that it should be possible to get more precise results with
additional tweaking of the 2D weld heat source configuration.
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Figure 9.19

Illustration of the 2D CWM macro section. The dark grey lines constitute
the border between the CWM-model’s different parts. The base material
is represented by the blue colour; the root pass weld metal, by yellow;
and the second pass, by red.

The WRS-results of the 2D CWM-analysis were collected along the four lines
shown in Figure 9.2. The CWM-results are presented with the neutron- and XRay results of the IIW RSDP benchmark initiative in Figure 9.20 – 9.23.
In the forefront of Figure 9.20, the calculated longitudinal WRS magnitude (zzdirection) on the plate’s top surface is shown with the results of Laboratory A
and Laboratory B in the background. In the weld metal region, the tensile
residual stress is calculated at about 300 MPa. The WRS magnitude trends down
to about 250 MPa on both sides of the weld metal, and then rises to its
maximum tensile residual stress value of about 420 MPa before the WRS
magnitude trends down to compressive stresses at a distance of about 30 mm
from the weld centreline. Thereafter, the calculated profile shows a constant
tensile residual stress value from 10 mm to 18 mm before it starts to fall. The
shape of the calculated WRS curve agrees very well with the curve of Laboratory
A in the range 10 mm on each side of the weld centreline. Thereafter, the
CWM-curve is a little bit “wider” and only reaches a compressive stress
magnitude of -50 MPa instead of –200 MPa as in the Laboratory A curve.
However, there is better agreement with the WRS-curve of Laboratory B up to a
distance of 20 mm on each side of the weld centreline. Thereafter, the
agreement between the two curves rapidly drifts, ending up with a WRSdifference of about 250 MPa, 40 mm away on each side of the weld centreline.
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Figure 9.20

2D CWM- and WRS-test results in the longitudinal (zz) direction; X-Ray
diffraction method, line: 0 mm. The blue dotted lines indicate the
location of the fusion lines (FL).

In the forefront of Figure 9.21, the calculated longitudinal WRS magnitude at 3
mm below the plate’s surface is shown with the results of Laboratory H and
Laboratory P in the background. The tensile residual stress value of the weld
metal is calculated at about 350 MPa. Here, the WRS magnitude trends down on
both sides of the weld metal, thereafter rising to its tensile residual stress peak
value, about 450 MPa, before the WRS magnitude trends down to compressive
stresses at a distance of about 30 mm from the weld centreline. There is a
significant difference between calculated and measured tensile residual stress
values at a distance of 20 mm on each side of the weld centreline. Thereafter,
the shape of the calculated WRS curve aligns fairly well with the curves of
Laboratory H and Laboratory P.
In the forefront of Figure 9.22, the calculated longitudinal WRS magnitude at 15
mm below the plate’s surface is shown with the results of Laboratory H and
Laboratory P in the background. The peak tensile residual stress, 280 MPa, is
located at the weld centreline. The WRS magnitude trends down to compressive
stresses at a distance of about 20 mm from the weld centreline. The shape of the
calculated WRS curve aligns fairly well with the curves of Laboratory H and
Laboratory P. There is a difference between calculated and measured tensile
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residual stress values. The calculated value is about 100 MPa higher as compared
to the measured value.
In the forefront of Figure 9.23, the calculated transversal WRS magnitude (xxdirection) along the weld joint centreline is shown with the results of Laboratory
H and Laboratory P in the background. The CWM-curve agrees very well with
the curve of Laboratory P. The transversal WRS changes from tensile to
compressive stresses at about 3 mm below the surface and reaches its maximum
tensile stress value, 160 MPa, 8 mm below the surface and maximum
compressive stress value, -90 MPa, 19 mm below the surface as compared with
the curve of Laboratory P, which has its maximum tensile stress value, 140 MPa,
6 mm below the surface and maximum compressive stress value, -100 MPa, 15
mm below the surface.

Figure 9.21

2D CWM- and WRS-test results in the longitudinal (zz) direction
Neutron diffraction method, line: -3 mm
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Figure 9.22

2D CWM- and WRS-test results in the longitudinal (zz) direction
Neutron diffraction method, line: -15 mm

Figure 9.23

2D CWM- and WRS-test results in the transversal (xx) direction
Neutron diffraction method, Line: CL
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The 2D CWM results agree fairly well with the experimental WRS-results as the
weld simulation WRS-curves have a profile similar to the profiles of the WRSmeasurement curves in Figure 9.20 – 9.23 and capture the general trends at
almost the same location and with almost the same magnitude as indicated by
the WRS-curves of Laboratory A, B, H, and P. Here, as for the fully 3D CWManalysis, the major issue or deviation is the weld metal WRS-magnitude on the 3 mm line in Figure 9.21, the CWM-analysis predicts that the WRS-value should
increase by about 300 MPa to 350 MPa in the weld metal area, and the
measured WRS-curves indicate that the WRS-value should decrease from about
300 MPa to 180 MPa at the same location.

9.5 Base and weld metal yield strength
In order to provide a better estimate of the yield strength of the weld metal, a
weld was made using GTAW and an ER316LSi consumable in a 316L base
plate. All details regarding the weld are given in Chapter 7.4. A macrograph of
the cross-section of the weld is shown in Figure 9.24. The weld was made using
two beads, similar to the weld in the Round Robin exercise (Figure 9.3). A slight
difference in the macroscopic appearance can be noted between the two welds.
The microstructures of the base metal, the HAZ, the area around the fusion
line, and the weld metal are shown in Figure 9.25 – 9.27. The base metal has a
somewhat banded structure with fairly equiaxed grains. In the HAZ, no obvious
grain growth is noted. The weld metal has a microstructure as expected for a
316LSi consumable, with some ferrite distributed in an austenitic matrix.

Figure 9.24

Macropicture of the weld test specimen
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Figure 9.25

The microstructure of unaffected base material
X100 magnification (left) and X500 magnification (right)

Figure 9.26

The microstructure of the HAZ and fusion line
X100 magnification (left) and X500 magnification (right)

Figure 9.27

The microstructure of the weld metal with delta ferrite distributed in an
austenitic matrix; X100 magnification (left) and X500 magnification
(right)
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Using the yield strength 283 MPa from the base material’s material certificate
and the hardness values for unaffected base material presented in Figure 7.9 and
Figure 7.10, the Meyer’s law exponent n´ = 2,267 was calculated by Equation
4.11. From the literature, it is understood that n´ should be approximately 2.5
for a fully annealed metal and about 2 for fully strain-hardened metals [100]. By
the use of the Meyer’s law exponent value, 2,267and the hardness values in
Figure 7.9 and Figure 7.10, the weld metal’s yield strength was approximated to
about 334 MPa.
Research projects aiming to measure and quantify residual stresses by the use of
hardness testing have been reported [196 – 197]. However, such a method is not
possible because residual stresses are constituted of elastic strain [198 – 199] and
elastic strain does not significantly affect the measurable hardness value of a
material [200].
Given this understanding, it should not be physically possible for a metallic
material to withstand an effective elastic stress magnitude exceeding the
material’s flow stress [201]. The author proposes that hardness value profiles
(for example, see Figure 7.9 and Figure 7.10) should be used to determine the
highest possible WRS-magnitude that can be experienced in the unaffected base
material of a specific weld joint configuration.
Therefore, the hardness test result values in Figure 7.9 and Figure 7.10, were
used to approximate the maximum possible WRS-magnitude of the weld test
specimen by the use of Equation 4.11 and the Meyer’s law exponent, n´ =
2,267, see Figure 9.28.
In Figure 9.28, the red line indicates the unaffected base material’s approximated
yield strength 3 mm below the top surface. The green line indicates the base
material’s approximated yield strength in the mid-thickness of the plate.
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Figure 9.28

Approximated yield strength of the test specimen metal 3 mm and
15 mm below the top surface

Furthermore, in [2 – 3], it is noted that hardness testing has been carried out on
the weld test coupon’s top surface along lines transverse to the weld joint on
both the base and weld metal material. The hardness testing were done with
three different loads HV 0.2, HV 1 and HV 5, reported to result in fairly
constant values in the weld metal, HAZ and base material. Considerably lower
hardness values in the weld metal or noteworthy higher hardness in the base
material from the weld metal was detected [2].

9.6 CWM results versus yield strength profiles
The approximated yield strength profiles in Figure 9.28 were plotted in diagrams
together with the results of the fully 3D and 2D CWM-analyses. In Figure 9.29
– 9.30, one can see that the fully 3D CWM-analysis predicts the maximum
WRS-magnitude to be less than the unaffected base material’s yield strength.
One can also see that the 2D CWM-analysis, on a distance of about 3 mm from
the fusion lines, overestimates the maximum WRS-magnitude at about 100
MPa, as compared with the unaffected base material’s yield strength. In Figure
9.31, one can see that both the fully 3D CWM-analysis and 2D CWM-analysis
predict the maximum WRS-magnitude to be less than the unaffected base
material’s yield strength.
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Figure 9.29

Approximated yield strength versus fully 3D and 2D CWM-results in the
longitudinal (zz) direction, line: 0 mm

Figure 9.30

Approximated yield strength versus fully 3D and 2D CWM-results in the
longitudinal (zz) direction, line: -3 mm
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Figure 9.31

Approximated yield strength versus fully 3D and 2D CWM-results in the
longitudinal (zz) direction, line: -15 mm

9.7 CWM results versus published results
In [3], additional 3D thermo-mechanical simulations of the IIW RSDP weld test
coupon are presented. The additional FEM-weld simulations were carried out
for the particular purpose of learning if one can obtain better agreement
between calculated and measured longitudinal WRS in the HAZ by the use of
another hardening rule than kinematic hardening [3]. Six different types of
material models ranging from 100% kinematic to 100% isotropic hardening
were evaluated, including no hardening rule at all, by the use of sequentially
coupled thermo-mechanical FE-weld simulations and a fairly coarse meshed
model constituted of 55000 elements. Unfortunately, the weld metal’s
longitudinal WRS-result values from the additional weld simulations were not
reported in [3] and [53].
The longitudinal top surface WRS-results of the fully 3D and 2D CWM-analyses
were benchmarked toward the Round Robin project’s additional FEM-weld
simulation results [3]. The benchmarking was limited to the results obtained by

112

100% kinematic and 100 % isotropic material hardening models only, this since
the interest was to identify the maximum outcome of the two modelling
methods.
In Figure 9.32, one can see that the author’s 3D CWM-result is in fairly good
agreement with the result of the additional 3D FE-weld simulation’s 100%
kinematic material hardening model, even if the CWM curve is a little bit
“wider.” In Figure 9.33, one can see that the 2D CWM-results have better
agreement with the results of the 100% isotropic material hardening model.
One conclusion from [3] is that one should use an isotropic material hardening
model instead of a kinematic material hardening model for calculations of WRS.
In Figure 9.29 and Figure 9.30, one can see that the 2D CWM-analysis
overestimates the maximum WRS-magnitude at about 100 MPa, as compared
with the materials’ maximum yield strength value. This indicates that the use of
an isotropic material hardening model promotes over-prediction of the
longitudinal WRS-magnitude.

Figure 9.32

Longitudinal 3D CWM-results versus the additional 3D FE-weld
simulation results from the 100% kinematic and 100% isotropic material
hardening models
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Figure 9.33

Longitudinal 2D CWM-results versus the additional 3D FE-weld
simulation results from the 100% kinematic and 100% isotropic material
hardening models

9.8 Conclusion
Both the fully 3D and 2D CWM approaches produce simulation results that
broadly agrees with the experimental WRS-results presented in [3].
One major issue is the weld metal WRS-magnitude on the -3 mm line. Here,
both the fully 3D and 2D CWM approaches predict that the WRS-value should
increase from about 300 MPa to 350 MPa in the weld metal area, and the
measured WRS-curves indicate that the WRS-value should decrease from about
300 MPa to 180 MPa at the same location. Both methods of calculation produce
inaccurate results. However, this inaccuracy can be seen in a positive light since
it demonstrates a consistency between the two methods in that they both
predict the same faulty value at the same location, see Figure 9.14 and
Figure 9.21.
Another issue is that the 2D CWM approach over-predicts the WRS-magnitude
in the base material about 5 mm from the fusion line at about 150 MPa, as
compared to the fully 3D CWM approach, see Figure 9.32 and Figure 9.33. The
3D CWM approach yielded fairly precise WRS-magnitudes while the 2D CWM
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approach resulted in unrealistically high WRS-magnitudes at the same location.
This quality difference between the two methods was expected. Moreover, if we
consider the Pareto principle (70 –30 % rule), the 2D CWM-analysis only costs
about two CPU-hours and still yields fairly good results, as compared to the
computational cost of about 4,000 CPU-hours for a fully 3D CWM-analysis.
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10 2D CWM – material data study
10.1 Introduction
For the sake of the readers’ understanding, it is important to present the data
used in calculations in a transparent way. Examples of data include the arc
efficiency factor implementation as well as the source of the weld filler and base
materials’ constitutive data. In [1 - 3] and [43 – 53] it is noted that the base
material constitutive data is in the range of each material grade’s design data, the
so called specified minimum yield strength (SMYS). It is also noted that the base
materials’ constitutive data has been used for thermo-mechanical modelling of
both base material and weld metal. The exact origin of the data used and
presented is not identified, but it is noted that the values (interestingly enough)
are similar SMYS-values of ASME and EN standards, respectively [202 – 203].
For general structural integrity analyses, it is good engineering practice to use the
lowest SMYS-value for both base and weld material [204] in order to obtain
conservative results. This is an approach that should not be used for CWManalyses, in the author’s opinion, as non-representative residual stresses and
strain fields should be obtained. For these purposes, the mechanical properties
of representative austenitic stainless steel grades are presented in Table 10.1.
Mechanical properties of weld filler materials that typically are used in GTAWwelding of grade 304 and 316 are presented in Table 10.2.
It is not understood to what extent the use of the base material’s SMYS-value,
instead of the base and the weld material’s actual mechanical properties, will
compromise the trustworthiness of FE-weld analyses. Therefore, this question
will be studied in more detail in this section. Other factors that should be
considered, besides the yield strength value, are the choice of high-temperature
behavior modeling, the hardening model (i.e., isotropic or kinematic), the
residual stress release temperature, and the plastic hardening modulus value.
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Table 10.1

Mechanical properties for representative hot-rolled austenitic
stainless steel plates at room temperature

EN 10028-7
minimum requirement

Average yield strength
MatNavi, NIMS Material
Database
Rp0,2
(MPa)

Base Material
Plate Grade

Rp0,2
(MPa)

Elon
g
(%)

Rm
(MPa)

EN 1.4301
(ASTM 304)

≥ 210

45

520 720

380 [205]

EN 1.4307
(ASTM 304L)

≥ 200

45

500 700

420 [206]

EN 1.4401
(ASTM 316)

≥ 220

45

520 670

410 [207]

EN 1.4404
(ASTM 316L)

≥ 220

45

520 670

370 [208]

Table 10.2 Mechanical properties for austenitic stainless steel weld filler
material in the as-welded condition at room temperature

[209 – 210]

Weld filler
material
/GTAW)

ISO 14343-A / ISO
14343-B
minimum requirement

Typical all weld metal
mechanical
properties in as-welded
condition

Rp0,2
(MPa)

Elon
g
(%)

Rm
(MPa)

Rp0,2
(MPa)

Elong
(%)

Rm
(MPa)

W 19 9 L
SS308L

≥ 400

≥ 35

≥ 570

380

35

600

W 19 12 3 L
SS316L

≥ 420

≥ 30

≥ 580

400

40

600
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In addition to well-established FEM-simulation practices [37 – 42],
representative global geometrical models, and representative thermomechanical boundary conditions throughout all essential welding
sequences, the author believes that the following arc welding procedure
data parameters are essential in order to obtain trustworthy CWM-results:


True weld joint geometry and weld bead dimensions



True welding sequence of the weld beads



True base material data, with respect to its thermal and
mechanical properties at constitutive base material modeling with
kinematic hardening



True weld filler material data, with respect to its thermal and
mechanical properties at constitutive base material modeling with
kinematic hardening



True weld head angle



True weld head weaving speed and pattern



True weld head travel speed



True weld wire feed speed



True weld arc voltage



True weld arc current



Representative arc efficiency (reflecting the weld process used)



Representative arc pressure

To study if the WRS-magnitudes are sensitive to variations of the
aforementioned parameters a parametric CWM study was carried out,
based on and in comparison to the IIW RSDP Round Robin Phase II
benchmark project [1 – 3]. As previously mentioned, this work includes a
thoroughly reviewed and documented weld residual stress field
measurement record, as well as 3D CWM-results based on material
models with kinematic and isotropic hardening. It is, thus, well-suited for
a comparative study [1 – 3] and [43 - 53].
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10.2 Parametric study
The parametric study was carried out in order to find the answers to the
following four questions:
I. Will the use of the base and the weld material’s actual mechanical
properties instead of the base material’s SMYS-value for both the base
and the weld material as performed by [3] and [43 – 53] exert a noticeable
influence on the CWM-results of the IIW RSDP Round Robin weld test
coupon?
II. Will the use of an isotropic material hardening model as recommended by
[3] instead of a kinematic material model exert a noticeable influence on
the CWM-results of the IIW RSDP Round Robin weld test coupon?
III. Will the simulation of a GMAW weld process as stated in [1] instead of a
GTAW process [3] , [53] and [182] (see Chapter 7.4) exert a noticeable
influence on the CWM-results of the IIW RSDP Round Robin weld test
coupon?
IV. Will the yield strength difference between the weld metal and the base
material exert a noticeable influence on the CWM-results of the IIW
RSDP Round Robin weld test coupon?
Therefore, a total number of sixteen 2D CWM-analyses were carried out in
accordance with the outline in Table 10.3.
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Table 10.3

Material and weld process data of the 2D CWM-analyses carried out

Base
material
yield
strength

Weld
metal
yield
strength

1

275 MPa

275 MPa

Yes

2

275 MPa

275 MPa

3

275 MPa

4

No.

Kinematic Isotropic
hardening hardening

GTAW

GMAW

No

Yes

No

Yes

No

No

Yes

275 MPa

No

Yes

Yes

No

275 MPa

275 MPa

No

Yes

No

Yes

5

275 MPa

400 MPa

Yes

No

Yes

No

6

275 MPa

400 MPa

Yes

No

No

Yes

7

275 MPa

400 MPa

No

Yes

Yes

No

8

275 MPa

400 MPa

No

Yes

No

Yes

9

323 MPa

323 MPa

Yes

No

Yes

No

10

323 MPa

323 MPa

Yes

No

No

Yes

11

323 MPa

323 MPa

No

Yes

Yes

No

12

323 MPa

323 MPa

No

Yes

No

Yes

13

323 MPa

400 MPa

Yes

No

Yes

No

14

323 MPa

400 MPa

Yes

No

No

Yes

15

323 MPa

400 MPa

No

Yes

Yes

No

16

323 MPa

400 MPa

No

Yes

No

Yes

121

10.3 2D CWM
The 2D transient thermo-mechanical staggered coupled FEM-weld simulations
were carried out by the use of a model identical to the one used in the validation
of the 2D CWM-methodology toward the 3D CWM results in Chapter 9.4. The
thermal and mechanical data used and the constitutive material modelling for
the FEA are presented in Chapter 4.14.
The 2D-model was simply supported on one point to ensure that the effects of
the asymmetric mechanical boundary conditions were captured by the CWManalysis methodology, see Figure 10.1. Furthermore, the model was constructed
with linear 8-node thermal and mechanical elements, using a high element
density in the weld region to capture the high temperature gradients present,
Figure 10.2. Essential particulars of the CWM-analysis are presented in Table
10.4 and Table 10.5, and details of the element formulation and the thermal and
mechanical solvers used are described in Chapter 5.

Figure 10.1

Illustration of the 2D-model’s simple support configuration

Figure 10.2

Illustration of the 2D-model’s geometry and mesh

122

Table 10.4

Weld process data used at the 2D CWM analysis

Base material

316LNSPH

Consumable

ER 316LSi

Weld heat power

837 W

Welding speed

41 mm/min

Groove area

30.0 mm2

Root pass area

12.2 mm2

Second pass area

17.8 mm2

Weld joint geometry

Preheat and interpass temp.

20 °C

Material hardening formulation

100 % Kinematic

Presumed grain size of base material

20 μm

Presumed grain size HAZ

50 μm

Presumed grain size of weld metal

50 μm

Root pass weld heat source
configuration

Second pass weld heat source
configuration
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Smallest element size
used (μm):
250 x 375

Table 10.5

Essential particulars of the 2D CWM analyse

Element data

Degrees of freedom

Mech. element type

ELFORM 2

Therm. DOF

1162

Number of elements

2422

Mech. DOF

4065

Number of nodes

1162

Total DOF

5227

Temp. activated functions

Start temp.

Stop temp.

Residual stress release activation

1030 °C

1100 °C

Therm. weld filler material activation

1407 °C

1433 °C

Mech. weld filler material activation

1600 °C

1600 °C

Therm. solver

Mech. solver

Time stepping

0,017 s

0,0595 s.

Absolute convergence tolerance

1,0 · 10-10

1,0 · 10-20

Convergence tolerance

1,0 · 10-4

-

Relative convergence tolerance

1,0 · 10-4

-

Max. temp. change in each time step

100 °C

-

Displacement convergence tolerance

-

1,0 · 10-3

Energy convergence tolerance

-

1,0 · 10-2

Residual force convergence tolerance

-

1,0 · 1010

Line search convergence tolerance

-

9,0 · 10-1

Implicit solver settings
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10.4 2D CWM-Results
The WRS-results of the 2D CWM-analysis were collected along the top surface
line (0 mm) that is illustrated in Figure 10.3.

Figure 10.3

Location of the top surface line (0 mm) used at collection of the
2D CWM-results

The WRS-results of the four material combinations were plotted in four
different diagrams in order to provide an overview of the trends, see Figure 10.4
– 10.7.
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Figure 10.4

2D CWM-results in the longitudinal (zz) direction along line: 0 mm; base
and weld metal yield strength 275 MPa. The blue dotted lines indicate
the location of the fusion lines (FL).

Figure 10.5

2D CWM-results in the longitudinal (zz) direction along line: 0 mm; base
metal yield strength = 275 MPa and weld metal yield strength = 400
MPa. The blue dotted lines indicate the location of the fusion lines (FL).
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Figure 10.6

2D CWM-results in the longitudinal (zz) direction along line: 0 mm; base
and weld metal yield strength 323 MPa. The blue dotted lines indicate
the location of the fusion lines (FL).

Figure 10.7

2D CWM-results in the longitudinal (zz) direction along line: 0 mm; base
metal yield strength = 323 MPa and weld metal yield strength = 400
MPa. The blue dotted lines indicate the location of the fusion lines (FL).
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I In Figure 10.4 and Figure 10.6, one can see that the WRS-magnitude
depends on the yield strength of the base material. Therefore, one can
conclude that the use of the base and the weld material’s actual
mechanical properties, instead of the base material’s SMYS-value for both
the base and the weld material, will affect the CWM-results.
II. In Figure 10.4 - Figure 10.7, one can see that the kinematic material
model promotes a ‘Batman profile’ of the WRS-curve, especially in
combination with a more rapid weld cooling time strength of the base
material. Therefore, one can conclude that the use of an isotropic
material will affect the WRS-results of a CWM-analysis.
III. In In Figure 10.4 - Figure 10.7, one can see that the GMAW-process
results in lower WRS-magnitudes compared to the GTAW-process, the
former has a 33% higher weld heat input compared to the latter (see
Chapter 4). One can see that a rapid weld cooling time, the consequence
of a low weld heat input, promotes higher WRS-values. Therefore, one
can conclude that the modelling and simulation of the weld process will
affect the WRS-results of a CWM-analysis
IV In In Figure 10.4 - Figure 10.7, one can see that the yield strength
difference between the weld filler material and the base material creates a
significant WRS-magnitude peak (about 100 MPa) in the weld metal.
Therefore, one can conclude that the yield strength difference between
the weld metal and the base material will affect the WRS-results of a
CWM-analysis.
Based on the conclusions above, it is understood that CWM-analyses performed
by the use of realistic weld process- and material data yield WRS-results that are
significantly different as compared to CWM-analyses carried out by the use of
generic weld process data and the base material’s SMYS-values.
It is been understood that use of weld filler material with a significantly higher
yield strength compared to the base material will increase significantly the WRSmagnitude.
Furthermore, a CWM-analysis of austenitic stainless steel weld joints,
constructed by a few weld passes and with a material model with 100%
kinematic hardening, will result in more realistic WRS-magnitudes as compared
to results obtained with a 100% isotropic hardening material model.
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11 Fracture Mechanics Study
11.1 Introduction
Fracture assessment of the integrity of welded structures is very important at
various stages over the entire lifetime of a structure. Assessment may be
necessary at any point, from the initial design to controlled decommissioning,
including various phases of construction, in-service inspections, failure, and
remaining lifetime analyses [211]. These assessments are conducted in order to
verify that the equipment is appropriate for its intended operation, with respect
to safety, environment, and commercial availability. Weldments are the most
likely location for defects or cracks. As well, metallurgical conditions are highly
complex and inhomogeneous, with possible local deterioration of the fracture
toughness as compared to the virgin base material [212]. These aspects represent
major challenges when assessing the criticality of possible weld defects with
respect to brittle or ductile fracture. Here, linear elastic fracture mechanics
(LEFM) are used to solve brittle fracture problems, defined as having almost
zero plastic deformation at the time of failure. Elastic plastic fracture mechanics
(EPFM) are used to solve ductile fracture problems, or plastic deformation at
the failure mode. The principles of LEFM and EPFM are described in [213] and
[214], respectively.
A material’s resistance to fracture is called fracture toughness, and can be
obtained by experimental testing in which the elastic fracture toughness
parameter, Kmat, is typically quantified by the use of a compact tension test
specimen, see Figure 11.1. The material’s resistance to elastic plastic fracture
(Jmat or CTODmat) is typically quantified by the use of a single-edge notch bend
(SENB) test specimen, see Figure 11.2.
However, elastic fracture toughness material data (Kmat) can be used for EPFManalysis if one is utilising the failure assessment diagram (FAD) approach [216].
In a FAD, the plastic collapse ratio (Lr) is indicated by the x-axis and the brittle
fracture ratio (Kr) is indicated by the y-axis, see Figure 11.3. Here, Lr is the ratio
between the reference stress (σref) and the yield strength (σyield), while Kr is the
ratio between the stress intensity (KI) and the material fracture toughness (Kmat).
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Figure 11.1

Illustration of a typical compact tension test specimen used for
testing of Kmat [215]

Figure 11.2

Illustration of a single-edge notch bend (SENB) test specimen typically
used for testing of Jmat and CTODmat [215]
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Figure 11.3

Illustration of a failure assessment diagram (FAD) covering 100% brittle
behaviour and 100% ductile behaviour at Lrmax

Furthermore, use of the FAD approach is not limited to situations where elastic
fracture material toughness data is available. Using the equations presented in
Chapter 4.9, one can convert an elastic plastic fracture toughness dataset, e.g.,
CTODmat to Kmat. However if one wants to avoid unit conversion artefacts
similar to those in Table 4.2, one should use a FAD that is based on the
available elastic plastic fracture toughness dataset, see Figure 11.4.

Figure 11.4

Illustration of a CTODmat based failure assessment diagram (FAD)
covering 100% brittle behaviour and 100% ductile behaviour at Lrmax
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However, if one intends to perform an EPFM-analysis and possesses the elastic
plastic fracture toughness data, e.g. CTODmat, one can use the aforementioned
FAD approach or the crack driving force [217] (CDF) approach [218]. The
author considers the use of the CDF approach in combination with the crack
driving force parameter, CTODCDF, [219] a better option as compared with the
FAD-approach, as it is more straight-forward and eliminates the risk of unit
conversion artefacts.
In a CDF-diagram, the plastic collapse ratio (Lr) is indicated on the x-axis
between the reference stress (σref) and the yield strength (σyield). On the y-axis,
the crack driving force, in this case CDODCDF, is stated. All load cases with a
CTODCDF value below the material’s fracture toughness value (CTODmat) is
thought stable and acceptable, see Figure 11.5.

Figure 11.5

Illustration of a crack driving force (CDF) diagram. All CTODCDF values
below the fracture toughness value (CTODmat) (marked with a red
horizontal line) are considered acceptable.

One particular issue that has received much attention in the field of fracture
mechanics is the importance of welding-induced residual stresses [199] and
[220]. Recently published general fracture assessment procedures utilising the
FAD approach prescribe that if specific knowledge regarding the residual stress
132

conditions is unavailable, residual stresses with a magnitude equal to the yield
strength of the material in which the flaw is located should be accounted for in
the analysis [221], an approach that is in line with [222 – 223]. There is no
general consensus on how to modify the treatment of residual stresses in
engineering fracture assessments when one is using the CDF approach.
However, the interaction between WRS and the CTODCDF has been studied by
the use of 2D FEA [62] and [224].
The author takes the CTODCDF analysis methodology further through the use
of the fully 3D CWM methodology, where the accumulated thermal and
mechanical influences from the first weld pass to the final fracture assessment
are brought forward in one and the same meshed geometry, along with the
mechanical material models’ accumulated yield surfaces and element
formulation.
In this specific case, the weld joint represents steel mill’s correction of a surface
defect of a 30-mm thick NV 316L stainless steel plate intended for use on the
lower part of a corrugated longitudinal bulkhead of an Ice Classed 27 000 DWT
chemical tanker [225]. If this weld were to fail, the consequences could be
catastrophic [8], see Figure 11.6.
Other examples of commercial application of this type of problem (i.e., repair
welding of centreline cracks) include in-service repair welding of ship and
offshore structures [226 – 227], structural weld overlay (SWOL) of nuclear
components [228 – 229], and cladded tubes and plates [230].

Figure 11.6

Illustration of a corrugated bulkhead
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The interaction between all processes during a welding operation and leading up
to the final residual stress field is very intricate [231]. In this study, only the
thermo-mechanical contribution of the boundary condition and the actual arc
welding process are taken into account, while, for example, local thermomechanical plastic deformation and strain hardening of the surface material due
to grinding and chip hammering are not considered. Both the thermomechanical properties of the material and the time of formation of the defects
will likely have a significant impact on the influence of the residual stresses on
the crack driving force.
Here, the influence of residual stresses on the crack driving force (CTODCDF)
for a hot crack in ER316LSi weld metal is studied. The scope of this study
includes both an investigation of the general effect of welding-induced residual
stresses (WRS) on the crack driving force and a comparison to cases where
welding only affects the material properties or where the effects of welding are
disregarded. Furthermore, different assumptions about the effect of the
formation of the defect – from a trivial case where the defect is introduced after
the simulation of the welding process to a more realistic scenario where the
defect is formed at elevated temperatures during the welding process – are
considered part of the study.
In this study, a hot crack of the ductility dip crack (DDC) type will be examined.
DDC is caused by a solid-state grain boundary embrittlement at approximate 50
% of the solidus temperature [232].
As for weld geometry, the IIW numerical and experimental Residual Stress and
Distortion Prediction (RSDP) Round Robin Initiative, Phase II [1] has been
chosen. This two-pass butt weld forms a virtual CTOD test coupon for the
present study.
Fully 3D CWM methodology is applied to calculate the stress and strain history
during welding to model the influence of materials parameters and the sequence
of defect formation. The calculated welding residual stresses for this CTOD test
plate were validated against experimental and numerical results in the IIW
RSDP final report [3], as described in Chapter 9 of this thesis. A crack size has
been selected to represent the limit crack size, which is the minimum detectable
crack size in the weld centreline of an austenitic stainless steel weld joint using
ordinary NDT-techniques [5] and [233 – 234].
In the present case (i.e., GTAW repair welding of a 316L plate by a 316LSi
consumable), the risk of fracture should be fairly low as the material quality is
very resistant to fracture. The delta ferrite content in austenitic stainless steel
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weld metals depends on the chromium-nickel ratio, and a 316LSi stainless steel
weld metal (20% Cr and 10% Ni) should have about 5 – 10 FN [235]. That said,
it is not unrealistic to consider the possibility that an Ice Classed Chemical
tanker will be subjected to an asymmetric loading operation at -40 °C during its
design lifetime.
The main purpose of this study is to explore the feasibility of the CWMplatform to analyse the influences of WRS on the criticality of potential weld
defects, addressing both the WRS and the material hardening of the base and
weld filler material.

11.2 Fully 3D CWM
The fully 3D transient thermo-mechanical staggered coupled FEM-weld
simulation of the crack initiation and propagation was carried out using
symmetry conditions along the weld centreline, see Figure 11.7, although the
layout of the welding experiments was asymmetric, as described in Chapter 7.4.

Figure 11.7

Fully 3D CWM-model and boundary condition used
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The run-on plate was assumed to be connected to the main plates through a
tack weld at the top and reverse side surfaces of the weld centreline with
thermal and mechanical contact conditions between the run-on plate and the
main plate’s right-end surface. Essential particulars of the CWM analysis are
presented in Table 11.1 and Table 11.2.
At completion of the second pass, the mesh of the symmetry model and its
CWM-results (see Figure 11.8 - left) were integrated into a complete weld test
coupon in two steps. First, the mesh, along with the copied results, were
mirrored and merged onto a complete weld test coupon simply supported on
three points and brought into equilibrium by thermo-mechanical coupled FEA,
see Figure 11.8 - center. Second, the run-on plate was discarded, and the final
formatted test plate was brought into equilibrium once again by thermomechanical coupled FEA, with a simple support of three points, see Figure 11.8
- right.

Figure 11.8

3D mesh with its CWM-results (left); complete weld test coupon in
equilibrium (center); formatted test plate brought into equilibrium with
the run-on plate removed (right)
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Table 11.1 Weld process data used at the 3D CWM symmetry analysis

Base material

316LNSPH

Consumable

ER 316LSi

Weld heat power

837 W

Welding speed

41 mm/min

Groove area

30.0 mm2

Root pass area

12.2 mm2

Second pass area

17.8 mm2

Weld joint geometry

Preheat and interpass temp.

20 °C

Material hardening formulation

100 % Kinematic

Presumed grain size of base material

20 μm

Presumed grain size HAZ

50 μm

Presumed grain size of weld metal

50 μm

Goldak weld heat source config.
Forward fraction ff

0,500

Aftward fraction fa

1,500

Weld pool radius a

2,357 mm

Weld pool radius b

2,357 mm

Weld pool radius c1

1.000 mm

Weld pool radius c2

3,000 mm

Smallest element
size used (μm):
250 x 375 x 1000

Goldak weld heat source
nomenclature
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Table 11.2 Essential particulars of the 3D CWM symmetry analysis

Element data

Degrees of freedom

Mech. element type

ELFORM -2

Therm. DOF

157190

Number of elements

178946

Mech. DOF

934872

Number of nodes

157190

Total DOF

1092062

Start temp.

Stop temp.

Residual stress release activation

1030 °C

1100 °C

Therm. weld filler material activation

1407 °C

1433 °C

Mech. weld filler material activation

1500 °C

1510 °C

Therm. solver

Mech. solver

Time stepping

0,017 s

0,0595 s.

Absolute convergence tolerance

1,0 · 10-10

1,0 · 10-20

Convergence tolerance

1,0 · 10-4

-

Relative convergence tolerance

1,0 · 10-4

-

Max. temp. change in each time step

100 °C

-

Displacement convergence tolerance

-

1,0 · 10-3

Energy convergence tolerance

-

1,0 · 10-2

Residual force convergence tolerance

-

1,0 · 1010

Line search convergence tolerance

-

9,0 · 10-1

Temp. activated functions

Implicit solver settings
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11.3 3D Symmetry CWM versus Fully 3D CWM
Before the crack-generating simulations were begun, the results of the 3D
symmetry approach were validated toward the fully 3D CWM-results of
Chapter 9.
In see Figure 11.9 and see Figure 11.10, on the right-hand side of the weld
centreline, one can see that the CWM results match one another very well. On
the left-hand side, there is an increasing deviation between the two result curves
as they move farther away from the weld centreline. At a distance of about 38
mm from the weld centreline, the results of the symmetry approach transition
from compressive to tensile residual stresses.
In see Figure 11.11, there is an almost perfect match between the two result
curves, and in see Figure 11.12, one can see that there is a minor difference
between the two curve’s geometry and magnitude in the peak tensile and
compressive stress regions.
All in all, the author concludes that the CWM-results correspond fairly well to
one another and to the WRS-measurement results presented in Chapter 9.
Therefore, the symmetry CWM-method is considered to be precise enough for
the purpose of generating trustworthy WRS-fields to be used in computational
CTODCDF analyses.

Figure 11.9

3D symmetry CWM versus fully 3D CWM-results in the longitudinal (zz)
direction ; line: 0 mm
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Figure 11.10 3D symmetry CWM versus fully 3D CWM-results in the longitudinal
direction ; line: -3 mm

Figure 11.11 3D symmetry CWM versus fully 3D CWM-results in the longitudinal
direction ; line: - 15 mm
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Figure 11.12 3D symmetry CWM versus fully 3D CWM-results in the transversal (xx)
direction ; Line: CL
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11.4 Crack Geometry Generation
Three different numerical CTODCDF test plates, all with a 35-mm long and 5.5mm deep weld centreline crack, were generated based on the mesh of the
CWM-test plate. The first plate represents the theoretical situation one might
encounter in a design drawing, i.e., a perfect geometry with nil WRS distribution
and magnitude. The second plate represents a situation in which the crack is
formed in room temperature at the completion of the weld metal’s solidification
process. The last plate represents a ductility dip crack (DDC) that initiates and
propagates during the welding process, see Figure 11.13.

Figure 11.13 Illustration of the crack location and the Weld Residual Stress Affected
Zone (WRAZ) of the three different CTODCDF test plates: Design Crack,
Room-Temperature Crack, and Ductility Dip Crack. The fringe plot level
is Pa.

The Design Crack CTODCDF plate, without any WRS-field values or backstresses, was created by the use of the CWM-plate’s original and ideal design
geometry. The Room-Temperature CTODCDF plate, with its associated WRSfields, was created by forming the crack geometry in conjunction with the merge
of the weld centreline nodes in step 1, as described above. The Ductility Dip
Crack CTODCDF plate, with its associated WRS-fields, was created by resimulation of the entire second weld pass. Here, the weld centreline’s boundary
condition, near the crack, was released in 12 sequential time steps (193 – 244 s)
during the CWM-analysis. In Figure 11.14, one can see how the crack tip
opening (CTO) of the DDC opened up during the cooling-down period.
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Figure 11.14 Diagram showing the formation of the Crack Tip Opening (CTO) as a
function of the weld metal’s cool-down temperature
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11.5 CTODCDF analyses
11.5.1 Introduction
Prior to the main CDF simulation activity, a number of analyses were carried
out verifying that the mesh density, as well as the element formulation used
during the fully 3D CWM simulation, were also suitable for the purpose of
CTODCDF analyses. The numerical CTODCDF analyses were performed by the
use of thermo-mechanical staggered coupled FEA, subjecting the test plates to
transversal strain (εxx) with the mechanical boundary conditions shown in Figure
11.15.

Figure 11.15 Illustration of the boundary conditions used during the CTODCDF
simulations. On the left-hand side of the model are black markings
indicating the x-locked nodes; the yellow line indicates the y-locked
nodes; and the red marking indicates the z-locked nodes.

The CTODCDF value is calculated using the displacement between the two
nodes just above the crack tip node (see Figure 11.16) as a function of the actual
mean stress or strain.
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Figure 11.16 Illustration of the crack tip node and the location of the nodes used to
measure the CTODCDF

During the verification activity, it was noted that the material temperature in the
region of the crack tip increased by less than 2°C at the actual strain rate of
2 ms-1, see Figure 11.17. This temperature increase is too small to significantly
affect the simulation result; therefore, thermal boundary conditions were not
used during the CTODCDF analyses.

Figure 11.17 Contours of base material temperature (°C) in the quarter symmetry
planes of a CTODCDF plate. The red band indicates the maximum
material temperature of 21.8°C, which is located in the crack tip region.

11.5.2 CDF – design crack geometry
The crack driving force of the design crack plate was calculated for two
alternative material and WRS combinations; the particulars of the two
alternatives are presented in Table 11.3. The crack’s mid-cross-section geometry
prior to the CTODCDF analysis is presented in Figure 11.18.
In Figure 11.19 and Figure 11.20, one can see that the yield strength of the base
and weld material affects the CTODCDF value.
Table 11.3 Particulars of the design crack plate’s CDF-analysis

Particulars

Alternative 1

Alternative 2

Base material yield strength

220 MPa

275 MPa

Weld metal yield strength

220 MPa

323 MPa
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Figure 11.18 Mid-cross-section crack geometry of the design crack plate prior to CDF
analysis

Figure 11.19 The diagram shows the crack driving forces, expressed in CTOD, of
the design crack geometry as the function of the applied mean stress.
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Figure 11.20 The diagram shows the crack driving forces, expressed in CTOD, of
the design crack geometry as the function of the applied strain.
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11.5.3 CDF – room-temperature crack
The CDF of the room-temperature crack plate was calculated with four
alternative material and WRS combinations; the particulars of the four
alternatives are presented in Table 11.4. The mid-cross-section geometry of the
crack prior to the CDF-analysis is presented in Figure 11.21. One can see that
the crack is closed and that its upper part is subjected to compressive stresses
while its lower part – the crack tip region – is surrounded by a tensile stress
field.

Figure 11.21 Mid-cross-section crack geometry of the room-temperature crack with
its associated contours of transversal stress prior to CTODCDF analysis.
The fringe plot unit is Pa.

The result of the room-temperature crack plate’s CDF-analyses are presented in
Figure 11.22 and Figure 11.23.
In Figure 11.22, one can see that the weld-induced residual stresses increase the
CDF-magnitude by almost 100% in the elastic region (100 – 250 MPa mean
stress). Thereafter, the WRS contribution rapidly trends down to zero, at a mean
stress of about 260 MPa. Furthermore, one can observe that the material
hardening tends to increase the CDF in the mean stress interval of 200 – 260
MPa.
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In Figure 11.23, one can see clearly that the accumulated yield surface of the
materials drives the CDF magnitude at strain values above 0.15%, while the
CDF is driven by the WRS at strain values less than 0.1%.
This indicates that the WRS-magnitudes should have a major influence in the
case of LEFM applications (e.g., fatigue) and EPFM analysis of materials with
fracture toughness below their typical values, see Table 4.2.

Table 11.4 Particulars of the room-temperature and ductility crack plates’
CDF-analyses

Particulars

Alternative
1

Alternative
2

Alternative
3

Alternative
4

Accumulated
WRS from
CWM-analysis

Yes

Yes

No

No

Base material
yield strength

275 MPa

275 MPa

275 MPa

275 MPa

Accumulated
kinematic yield
surface from
CWM-analysis

Yes

No

Yes

No

323 MPa

323 MPa

323 MPa

323 MPa

Yes

No

Yes

No

Weld metal yield
strength
Accumulated
kinematic yield
surface from
CWM-analysis
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Figure 11.22 The diagram shows the crack driving forces, expressed in CTOD, of the
room-temperature crack geometry as the function of the applied mean
stress.

Figure 11.23 The diagram shows the crack driving forces, expressed in CTOD, of the
room-temperature crack geometry as the function of the applied strain.
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11.5.4 CDF – Ductility Dip Crack
The CDF of the ductility dip crack plate was calculated with exactly the same
material and WRS combinations as the room-temperature crack plate, see Table
11.4. In Figure 11.24, the crack’s mid-cross-section geometry is presented prior
to the CDF-analysis. The crack mouth opening (CMO) is closed and subjected
to compressive stresses. One can see that the crack opens up about 1 mm below
the top surface, and that the crack tip region is enclosed by a tensile stress field.

Figure 11.24 Mid-cross-section crack geometry of the ductility dip crack with its
associated contours of transversal stress prior CTODCDF analysis. The
fringe plot unit is Pa.

The CDF-analysis results of the ductility dip crack plate are presented in Figure
11.25 – 11.26, and the diagrams are very similar to the diagrams of the roomtemperature crack plate results in Figure 11.22 – 11.23.
One can see in Figure 11.25 that the CDF increased by about 100% in the
elastic region (100 – 250 MPa) due to the influences of the WRS. At a mean
stress of about 260 MPa, the WRS contribution to the CDF disappeared, as it
did in the room-temperatures diagrams. One can also see that the materials’
hardening tends to increase the CDF in the mean stress interval of 200 – 260
MPa.
Furthermore, in Figure 11.26, it is apparent that the CDF at strain values above
0.15% is driven by the hardening of the materials, and that the WRS drives CDF
at strain values of less than 0.1%.
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Figure 11.25 The diagram shows the crack driving forces, expressed in CTOD, of the
ductility dip crack geometry as the function of the applied mean stress.

Figure 11.26 The diagram shows the crack driving forces, expressed in CTOD, of the
ductility dip crack geometry as the function of the applied strain.
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11.5.5 Room temperature crack vs. ductility dip crack
In order to test if there is a difference in the crack driving force between a
room-temperature crack and a ductility dip crack, the Alternative 1 results for
the two crack types were plotted in the same diagrams, see Figure 11.27 and
Figure 11.28. In the two diagrams, one can clearly see that there is not a
significant difference in the crack driving force between the two crack type’s
geometry.

Figure 11.27 The diagram shows the crack driving forces, expressed in CTOD, of the
room-temperature and the ductility dip crack geometry as the function
of the applied mean stress.
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Figure 11.28 The diagram shows the crack driving forces, expressed in CTOD, of the
room-temperature and the ductility dip crack geometry as the function
of the applied strain.

154

11.5.6 Influence of weld residual affected zone
The crack driving force of the three crack types were plotted in the same
diagram in order to illustrate the weld residual stress affected zone’s (WRAZ)
influence on the crack driving force, see Figure 11.29.

Figure 11.29 The diagram shows the crack driving forces, expressed in CTOD, of the
design, room-temperature and the ductility dip crack geometry as the
function of the applied strain. The red dotted lines indicates the
minimum CTODmat acceptance values according to [236]

In Figure 11.29, one can see, in the elastic stress range 50 – 220 MPa, that the
WRS increases the crack driving force with about 100%, thereafter the WRS
influences is disappeared at the tensile stress 240 MPa.
Therefore one can conclude that in this specific case will the plate’s LEFM and
fatigue resistance be reduced due to the existence of a WRAZ around the weld
repaired area.
Regarding the increased CDF-values in the vicinity of the WRAZ it can be
discussed if it originates from an increased energy release rate at the crack tip or
if it is a combination of enhanced crack energy and a boosted elastic stress
resulting from the alternated flow stress of WRAZ affected material.
155

12 Discussion
12.1 Introduction
This chapter discusses the completed CWM research project. The discussion
will focus on 7 different parts, with some minor comments on other points.
To begin, this research project uses a holistic systems engineering approach,
where major contributing subsystems – e.g., meshing, HPC architecture, and
material and 2D weld heat source modelling, etc. – have been identified,
analysed, and modified for the sake of obtaining realistic WRS-fields to be used
for EPFM of metallic structures and components. The main objective is to
understand and apply physically realistic material and weld process data as
opposed to developing and improving various finite elements, fracture
mechanics, and fatigue calculation methods.
The progress of this project depended to a large extent on the successful
exploration, incorporation, and adaptation of previously published research by
CWM practitioners and researchers. This work has been ongoing for nearly 45
years, as discussed in Chapter 3.
The CWM-platform developed for this thesis has been found to be robust and
adaptable for non-linear fracture mechanics analyses of three different crack
types, with each crack type analysed having been exposed to three different and
unique WRS-fields. This finding has been obtained by the use of CDFcalculation results, free from numerical artefacts, as inconsistencies in the elastic
and plastic history variables have been avoided by bringing forward the
accumulated thermal and mechanical influences from the first and second weld
pass in one and the same meshed geometrical model. For the time being, we
cannot be sure that the WRS-fields used for the EPFM-analyses are realistic due
to variances in the WRS-measurement data used for the calibration and
validation of the CWM-analyses.
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12.2 Essential data used at the CWM analyses
The overall challenge throughout this project has been to identify and
understand how the essential weld process, material, and CWM data used by
other researchers in the field of CWM analyses are related to the arc weld
process used during actual welding operations, see Chapter 7 and Chapter 10.
To overcome this challenge, the author presents all essential FEM-weld
simulation data in a format derived from the major industrial WPQR and WPS
standards [83 – 85], see Chapter 8 – 10. This is believed to be a major
improvement and contribution to CWM research as it facilitates the repeatability
of simulations. As well, the greater transparency of this practice increases the
relevance and trustworthiness of CWM-analyses, especially for that part of the
welding engineering community that is not proficient with non-linear transient
thermo-mechanical FEA. At the same time, this practice promotes our
understanding that CWM-result quality depends on the use of realistic material
and weld process data.

12.3 CWM-results versus WRS-measurements
In Chapter 9, the author found that the WRS-magnitude on the -3 mm line, as
predicted by the 2D and fully 3D CWM, differed from the WRS-values actually
measured. The CWM-analyses predicted that the weld metal WRS should be 350
MPa while the neutron diffraction indicated that the weld metal’s WRS-value
should be in the range of 180 MPa at the same location. According to [2 – 3],
Laboratory K measured a longitudinal WRS-magnitude of 255 MPa 1.9 mm
below the weld surface on the weld centreline by the use the hole-drilling
method; however, the tolerances of the measurement results were not provided.
In [3], the longitudinal WRS-magnitude on the plate’s top surface were
calculated with six different material hardening models but only two of the six
material hardening models were used for calculation of the weld metal’s
longitudinal WRS-magnitude. The material hardening models used were “no
material hardening” and “25% isotropic hardening,” and for unspecified
reasons, the longitudinal WRS-magnitude in the weld metal was not calculated
for either the top surface or 3 mm below for the 100% kinematic and 100%
isotropic hardening material models. Therefore, it is challenging to match the
calculated longitudinal WRS-magnitude in the weld metal area by either the
applied CWM and material modelling approach used in [3] or by the author with
the neutron diffraction WRS measurement results.
The present author believes this finding is a consequence of the material data
used in [1]. One limitation of continuum mechanics is that each individual
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element requires a continuum of material properties where the smallest
acceptable element size is limited by the assumptions of the constitutive material
model. Conventional material test data (according to industrial standards)
requires an element volume containing about 125 grains to maintain the
continuum of the metallic material model, thus avoiding inaccurate and illusive
FEA-results [162]. The smallest element size used in the xy-plane of the 2Dand the 3D-models in this thesis was 250 x 375 μm, an element size close to the
smallest acceptable size.
It is believed that smaller element sizes are required in the weld metal region to
capture the WRS-transients. This approach would require another type of
material data than has been provided by [1], as the smallest element size used in
the weld metal and the HAZ region is approaching its minimum dimensions.

12.4 Element size
As discussed in Chapter 5, first-order selective reduced integrated element
formulation has been used for the FEA presented in this thesis. Higher-order
element formulations deteriorate in accuracy more rapidly as compared to firstorder elements in large deformations [158 – 160]. The smallest element size
used was 250 x 375 μm for the 2D FEA, and 250 x 375 x 1000 μm for the 3D
FEA. These were selected with the goal of performing CDF-calculations with
consistent WRS-fields and geometrical mesh and element formulations.
For fracture mechanics FEA, it is desirable to use the smallest acceptable
element size in the vicinity of the crack tip in order to capture the stress
singularity effect (LEFM) [237] or the CDF (EPFM), respectively. For CWM
analyses with first-order element formulation for both the thermal and
mechanical simulations, it is also desirable – as noted in Chapter 5.8 – to use the
smallest acceptable size near the weld joint in order to avoid inconsistent stress
and strain results in areas with steep temperature gradients [161].
A metal material is built up by grains bonded to each other, and where the
various grains have different mechanical properties in different directions,
depending on their chemical composition, size, and thermo-mechanical history.
As well, the undesirable impurities between the grains have various constitutive
properties [238]. Therefore, the smallest acceptable element size is limited by the
origin of the mechanical material data and the grain size. Metallic material
models constructed on the basis of industrial standardized mechanical test
results will have validity for element volumes containing no less than 125 grains
(5 × 5 × 5 grains) [162]. The present author has not found any support in the
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literature for the use of element volumes containing 64 grains (4 × 4 × 4 grains),
27 grains (3 × 3 × 3 grains), or 8 grains (2 x 2 x 2 grains).
Based on engineering judgment, the present author suggests that the minimum
element volume of 125 grains should be regarded as a conservative limit. The
use of element volumes containing 64 grains (4 × 4 × 4 grains) may be
acceptable for analyses of rolled and forged pressure-vessel steel qualities, where
the delivery state is either normalized or solution annealed and the materials are
produced by high-quality steel manufacturers. In an element volume containing
no less than 64 grains, the mean value will be represented by the mechanical
properties of four individual grains and four individual grain boundaries. The
present author would not support the use of element volumes containing less
than 64 grains, i.e., element volumes containing 27 grains (3 × 3 × 3 grains) or 8
grains (2 x 2 x 2 grains). In Figure 12.1, the different sizes (in two dimensions)
of some different element size volumes are presented.

Figure 12.1

Illustration of the xy-plane of four 3D elements containing:
125 grains = green (left); 64 grains = yellow (left middle);
27 grains = orange (right middle); and 8 grains = red (right)

Typical grain sizes for weld joints in fine-grained steels are 10 – 20 µm in the
unaffected base material, while the grain size of the HAZ’s coarse-grain zone is
typically in the range of about 50 – 100 µm. At low-weld, heat-input welding of
base materials that contain grain growth limiting alloying elements – e.g.,
Aluminum, Vanadium, Niobe, and Titanium – the austenite grain size in the
HAZ will be 50 µm. Using higher heat-input values, an austenite grain size of
100 µm in the HAZ will be found. Weld metal grains will grow in the normal
direction: to the fusion line and toward the weld pass’ solidification point/line.
As this point, the grain’s length will be equal to the distance between the fusion
line and the solidification point/line. As well, the width of a typical weld metal
grain will be about 80 – 100 μm [239 – 240]. This suggests that the smallest
acceptable element size of an unaffected base material is in the range of 50 –
100 μm, 250 – 500 μm for the HAZ, and 500 – 1000 μm. The present author
used the same element size for both the weld metal and the HAZ-material since
that approach has been not found to affect the final results.
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12.4.1 Benchmark of the mesh sizes approach used
The mesh size-approach used in this thesis was benchmarked against four
reports, where residual stress and strain fields (RS) were calculated by thermomechanical sequential coupled FEA [45], [68 – 69] and [241].
In a recently published doctoral thesis [68] on simplified and cost-effective
CWM analyses, first-order element formulations were used for both the thermal
and mechanical analyses. Although the element sizes used were not explicitly
stated in the text, the model illustrations and context suggest that the element
sizes used in the fusions lines’ vicinity (approximately 0.75 x 1.5 x 12 mm) were
too large, in the opinion of the present author. It would have been better – as
previously discussed in this section and Chapter 5.8 – to use the smallest
acceptable size near the weld joint in order to avoid inconsistent stress and
strain results in areas with steep temperature gradients [161].
3D low-cycle fatigue FEA of a spot-weld nugget subjected to WRS was
performed with second-order elements in [241] with the smallest size at about
250 x 250 x 250 μm. In Chapter 5.8, it was noted that higher-order element
formulations tend to deteriorate in accuracy more rapidly, as compared to firstorder elements in large deformations [160].The line between a small and large
deformation is defined as the strain value where the true stress and the
engineering stress values begins to separate from each other. In the diagram of
Figure 5.11, it is illustrated that the deviation begins at a strain of 1% and is
significant at 5% strain. At low-cycle fatigue, the rupture occurs within 104 - 105
load cycles and an effective plastic strain of about 2 – 4% [242]. Therefore, this
approach, using second-order elements with a smallest size of 250 x 250 x 250
μm, is found to be in line with the findings presented in this doctoral thesis.
It was also noted that in [69], 2D LEFM fatigue crack growth (FCG) FEA was
carried out on a residual stress-affected, cold-expanded hole in an aluminum
plate by the use of second-order elements, with the smallest element size of
about 10 x 10 μm in the vicinity of the crack. Furthermore, [45], a report
sponsored by the Swedish Radiation Safety Authority (SSM), the CDF (EPFM)
of a room-temperature crack was calculated by the use of second-order elements
and two different 3D-axisymetric FE-analyses of a fully circumferential 5 mmdeep weld centerline root crack of an austenitic stainless steel-tube girth-weld
affected by WRS. The first CDF-analysis was performed with a smallest weld
metal element length of 2.5 μm, and the second analysis, with a smallest element
length of 20 μm. Given the relationship between grain and element size
discussed in Chapter 12.4, it is the present author’s opinion that the use of such
small element sizes – namely, 10 μm, 5 μm, and 2.5 μm – was not suitable for
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the material models used in [69] and [45]. Their use was particularly detrimental
in [45], where the weld metal and HAZ had a grain size of about 50 – 100 μm,
but were nonetheless analysed by the use of the element sizes 2.5 μm and 5 μm,
rather than element sizes in the range of 200 – 500 μm.
It should be further noted that the fatigue and fracture mechanics FEA in [45],
[69] and [241] were performed using second-order element formulations and
element sizes that were significantly smaller, as compared to those used in the
preceding CWM and RS generating calculations. The disadvantage of this
approach, as compared to the CTODCDF-calculation methodology presented in
Chapter 11, is that the fatigue and fracture mechanic FEA in [45], [69] and [241]
are influenced by inconsistent and illusive RS, which may or may not have
contributed to faulty calculation results. In [45], the illusory CDF results were
exacerbated by the use of a higher-order mechanical element formulation, as
discussed in Chapter 5.8.
In [69], the initial inconsistency was exacerbated by the use of RS originating
from first-order elements during research and development of a LEFM FEAbased fatigue crack growth (FCG) methodology. The so-called “crack tip
elements” (also known as “quarter point elements”) are employed to
approximate the stress intensity factor of the crack tip, see Figure 12.2.

Figure 12.2

Illustration of the “quarter point element” usage at FEA of a crack tip’s
singular strain. To the right, an “unfolded quarter point element” is
illustrated [237]

For the time being, linear elastic fatigue crack growth (LEFCG) has been
effectively solved by the boundary integral equation method [237], an approach
used by commercial FCG software [243] and based on the boundary element
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method (BEM). Well-reputed commercial FCG software [244] has recently
replaced the BEM approach with the commercial FE codes Ansys, Abaqus and
Nastran [245]. The present author does not know if this is an indicator of
increased reliability for FEM-based LEFCG analysis or if the replacement was
driven by commercial demand.
The stress intensity factor of a crack tip can also be approximated by the use of
J-integralCDF [246], which is obtained by post-processing of CDF FEA results
[247]. However, no physical requirement dictates the use of FCG analyses for
LEFCG, as opposed to elastic plastic fatigue crack growth (EPFCG) [248], and
only one commercially available FCG software utilizing CDF-modified Paris law
[249] solution (J-integral) has been identified [250]. Therefore, the author
believes that the RS inconsistency found in [69] is the result of the decision to
perform LEFCG rather than EPFCG analyses.

12.5 Arc-weld process modelling
For successful CWM-analyses, reliable data acquisition of the weld-process
parameters is as important as using trustworthy material data and residual stress
measurement values. Therefore, it was necessary, by means of systems
engineering, to integrate and build a sturdy arc-weld DAQ-system with a
sampling frequency high enough to capture all transient, weld-process-related
parameters in strictly controlled weld experiments [146], see Chapter 7. As a
direct consequence, it was found necessary to integrate, build, and configure a
holistic CWM-platform in order to perform thermo-mechanical FE-weld
simulations with the use of realistic weld-process data that had been obtained
with the arc-weld DAQ-system [92] [125].
For obvious reasons, realistic modelling of the arc-weld process’s weld heat flux
is a fundamental part of a CWM-analysis. Use of a double ellipsoidal heat-source
model (Goldak weld heat source) has become a standard solution for 3D arcweld simulations by the CWM community. As described in Chapter 5.5 and
Figure 5.9, use of a controllable weld head orientation significantly improves
capacity to perform realistic 3D-weld heat-flux modelling.
Weld heat flux modelling at 3D axisymmetric and 2D CWM-analyses is nontrivial, and several approaches to solve this problem are evaluated and discussed
by the present author in Chapter 5.6. In that chapter, the 2D weld heat source
approach formulated by Dong and Hong [156], adopted by the Swedish
Radiation Safety Authority [60 – 62], and still in continuous use by Dong [63 –
65], was found to result in a particularly unrealistic weld heat flux distribution,
see Figure 12.3.
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Figure 12.3

Diagram illustrating the 2D heat flux of five different 2D heat flux
modelling approaches distributing the same amount of weld heat
energy (Q = 6.86 MJ) as a 2D heat flux over time relative to the weld
cross-section, see Chapter 5.6 [59], [111], and [154 – 156]

In order to promote more realistic 3D axisymmetric and 2D CWM-analyses, the
author developed a 2D Gaussian distributed weld heat source, drawing on
previous research by [59], [111], and [154 – 155] see Chapter 5.6. In Chapter 9,
this method was shown to yield consistent results between the simulated macropicture and the macro-section in the IIW RSDP Round Robin Phase II welding
experiment, see Figure 12.4.

Figure 12.4

Comparison of the weld-metal geometries and dimensions for the IIW
RSDP Round Robin Phase II welding experiment’s macro section and
the 2D macro section simulated by the use of the author’s novel 2D
Gaussian distributed weld heat source, from Chapter 9 in this thesis
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12.6 Material data and modelling
According to [251], selecting the correct material model is the most critical part
of FE-modelling, as the use of an inaccurate material data and/or the wrong
material model will always invalidate the FEA-results. The thermal material data
used in the CWM-analyses, presented in Chapters 5.6 and 9 - 11, originates from
the IIW RSDP Round Robin Phase II project [1], the European water tube
boiler standard [120], an Iron-Carbon phase diagram [122], and thermodynamic
modelling by means of the software Thermo-Calc and JMatPro [117 – 118].
The thermal material modelling approach used is based on published and
calculated data. However, one could potentially obtain more reliable CWMresults using test data from transient thermal experiments. This is also the case
for mechanical material data, which is currently derived from testing at a steadystate temperature. This means that test specimens are heated up to and
maintained at the desired test temperature for about 10 – 20 minutes before
actual testing [252]. Since arc welding is a thermo-mechanical transient process,
it is desirable to use thermal and mechanical data obtained from test specimens
subjected to representative heat-up and/or cool-down thermal transients.
Unfortunately, such standardized test methods are not found in the literature
[253]. However, it is believed that the Meyer hardness test approach [100] is a
potential candidate for cost-effective flow stress approximations for transient
thermo-mechanical testing, especially if reliable and representative test results
can be obtained from the material’s raw surfaces as described in [2], rather than
a cross-section sample, which is the established welding engineering practice
today.
With enhanced understanding of the phenomena related to the arc-weld process
and greater knowledge of metallic materials, as well as increased computational
capacity, research on CWM and EPFM will irrevocably shift from macroscopic
continuums mechanics analyses toward predictions of realistic weld joint
properties using computational material science based on first-order physical
principles [238]. In the meantime it should be acceptable for performing FEA
with macroscopic modelling of the weld joint material to use the lowest
intended service temperature of up to 1600 °C [179]. This was the case with the
weld filler material activation of the 2D CWM analyses in this thesis. Where
1510 °C was used for the 3D weld simulations to ensure the activation of all
elements, but it was not found to cause any differences in the WRS-magnitude,
even if a minor local geometrical variation is noted.
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The thermal material data for the ship steel plate material AH36 in Chapter 4.14
was benchmarked against experimental thermal data and JMatPro calculation
data of an identical material quality presented in a recently published doctoral
thesis [68]. The values presented in [68] are consistent with the findings of this
thesis.
Furthermore, [68] was found to be a good source of high-temperature test data
of structural steels with room temperature yield strengths of 370, 400, 420, 540,
and 790 MPa. It was also found that [68] assumes that the yield strength of the
weld filler material is identical to the base material’s yield strength, an approach
also used in two CWM-analyses described in [69]. Both [68] and [69]
consistently assume the tangent plastic hardening modulus to be in the range
1/200 – 3/100 of the Young’s modulus at the corresponding temperature,
namely 1/200; 1/100; 1/84; and 3/100. According to [254], this approach was
used to avoid convergence issues during numerical analysis. The mechanical
material modelling in [68], and partly in [69], was driven by a desire to identify
an empirical and simplified CWM methodology by the use of regression
analyses. Therefore, the mechanical constitutive modelling and CWM-analyses
in [68] and [69] are not in line with the objective of this thesis to understand and
apply physically realistic material and weld process data.
The material modelling of the autogenous welding in [241] (i.e., a fusion welding
process that uses heat without the addition of filler metal to join two pieces of
the same metal [255], was found to be in line with the findings of this thesis.
In a report sponsored by the Swedish Radiation Safety Authority (SSM) [45], it
is stated that the stainless steel material data for the tube and weld metal was
taken from [111]. The material models used for the CWM-analysis of the WRS
and the CDF FE-analyses were all based on the yield strength 230 MPa for both
the base and weld filler material. This suggests that a typical SMYS-value for the
austenitic stainless steel grade 316L was used for the simulations, despite the
lack of justifications for doing so. Indeed, in [111], which the report claims to
follow, the weld metal yield strength is explicitly stated to be 460 MPa. The
report also did not use the tangent plastic hardening modulus values stated in
[111]. The target plastic hardening modulus used in [45] was about ten times
higher than the values used by the present author in this thesis. In light of these
findings, [45] is generally in line with the findings of this thesis, with the
exception of using the yield strength 230 MPa for both the base and weld filler
material.
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In another report sponsored by the Swedish Radiation Safety Authority (SSM)
[61] and published the same year as [45], it is stated that the common material
data source for the austenitic stainless steel grade 316 for CWM-analyses is the
standard ASME SA240. The authors argue that the standard SMYS values
should not be used, as they would result in underestimation of the WRSmagnitudes, and that the best estimate for the material data should be used
instead. This conclusion is in line with the findings of this thesis.

12.7 Residual stress release function
Weld residual stresses constitute elastic strains, which are formed and trapped in
the structure by the thermal and plastic strains of the arc-weld process. When
the structure is heated up, the elastic strains are gradually released and
transformed into plastic strains as the material’s yield strength magnitude is
reduced as a function of the increased temperature, see Figure 12.5.
This process may result in local plastic deformations that are not detectable by
the naked eye. In this case, the local elastic strain magnitude exceeds the local
material’s flow strength value.
If the material temperature is further increased up to and above its solution
annealing temperature, a phase transformation of the materials’ microstructure
to austenite occurs. As a consequence, all remaining elastic strains are released
and transformed into plastic strains. This phenomenon is captured by the
CWM-material model’s temperature-triggered residual stress release function, as
discussed in Chapter 5.4 of this thesis.
For optimisation work of the CWM-methodology as discussed in this thesis, this
function was found to have a significant influence on the WRS-results during
CWM-analyses of weld joints constructed by a few weld passes and with both
kinematic hardening and isotropic hardening material models. In reviewing [45],
and [68 – 69], the authors did not explicitly take into account the residual stress
and strain influences of the solution annealing phenomena. This is not in line
with the findings of this thesis as discussed above. By contrast, [60 – 61] find
that an annealing function activation temperature in the range of 1200 – 1300
°C should be used during CWM-analyses of multi-pass weld joints, comparable
with the residual stress release activation temperature interval of 1030 – 1100 °C
used in this thesis.
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Figure 12.5

Illustration of the temperature-dependent yield strength for the carbon
manganese steel quality St 52.3, based on experimental data from [95]

12.8 Elastic plastic fracture mechanics
The crack driving force effects revealed and expressed through the CTOD can
be divvied into two different parts: globally elastic response regime and globally
plastic response regime. The elastic response regime for the ductility dip crack
(Chapter 11.5.4) rises up to about 250 MPa mean stress and 0.16 % strain,
respectively. The plastic response regime achieves levels above those values, see
Figure 12.6.
In the first regime (globally elastic response), the results of the finite element
analyses demonstrate that accounting for weld residual stresses will modify the
applied crack driving force.
In the second regime (globally plastic response), an effect on the crack driving
force believed to be associated with the modification of the tensile properties
was observed. In this regime, the material flow stress was modelled by the yield
surface of the kinematic material hardening model. The use of a linear tangent
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plastic hardening modulus was believed to cause ambiguous crack driving force
values at strains above 0.2 - 0.3 %. Therefore, the role of the plastic hardening
and accurate nonlinear plastic hardening modulus modelling are of increasing
importance as the strain rises into higher magnitudes.
In Figure 12.6 one can see how the CTOD curves 1 and 3 (that have identical
flow stress values) are approaching each other with increased strain in the same
way as the CTOD curves 2 and 4 (that also have identical flow stress values) are
approaching each other. This indicates that the influences and importance of the
WRS gradually decrease at higher strain levels.
Thus, two different effects on the crack driving force are seen in the simulation
results. The first effect is due to the presence of a residual stress field, whereas
the second is due to modifications of the tensile properties from the finite
element weld simulation.

Figure 12.6

The diagram shows the crack driving forces, expressed in CTOD, of the
ductility dip crack geometry as the function of the applied mean stress
(left) and the applied strain (right), from Chapter 11.5.4
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12.9 Thermal contraction
As discussed in Chapter 5, for reasons of reduced computational time, the
mechanical material model utilises the tangential thermal expansion (βt) instead
of the secant thermal expansion (βs) [148] (see Figure 12.7). As a result, a
reference temperature was not used, as in the case of FEA-codes that utilising βs
instead of βt.
In reviewing [45], [68 – 69] and [241], it was observed that these analyses only
consider the thermo-mechanical contribution of the weld metal’s thermal
contraction in the solid state. This approach is not in line with the realistic arcweld simulation approach of this thesis, since the thermo-mechanical
contribution of the weld metal’s contraction occurs in both the liquid state,
during solidification, and in the solid state (see Figure 12.8), and thus should be
taken into account during the CWM-analyses to obtain correct displacement,
strain, and residual stress calculation results. A more simplified approach may
yield correct results for one of the parameters (strain or stress), but not
necessarily for the other. This phenomena was observed during the CWMmethodology’s optimisation phase, and is the likely reason for a minor local
geometrical variation discussed in Chapter 12.6.

Figure 12.7

Illustration of the tangent thermal expansion coefficient (βt) and the
secant thermal expansion coefficient (βs) [148]
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Figure 12.8

12.10

Illustration of the austenitic stainless steel grade 316LNSPH’s
temperature dependent thermal expansion, yield strength, and plastic
hardening modulus used in this thesis

Apparent thermal conductivity

As discussed in Chapter 8, it is believed that the precision of the kPL function
can be increased by parametric CWM-analyses utilizing temperature-dependent
non-linear thermal material data in combination with larger scale validation
experimental series and improved DAQ instrumentation.
Since its presentation in 2005, the algorithm described in this study has been
used by the present author for planning and evaluation of six major industrial
in-service welding operations where the reversed side of the base material was
exposed to water during the welding operation. These operations included repair
and modification welding of a power boiler’s tube walls, dry underwater welding
of a nuclear reactor tank’s internals, dry underwater welding of a pipeline, sleeve
repair welding of a land pipeline, dry underwater welding of a drill ship’s hull
structure, and dry underwater welding of the hull plating of a semi-submersible
platform. Due to the nature of the welding operations and non-disclosure
agreements (NDA), the author is not free to share the name of the power boiler
plant, nuclear power plant (NPP), pipelines, or the drill ship and the semisubmersible platform.
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Due to the development of the more advanced CWM-platform and its
associated methodology, this algorithm is no longer as useful for major analyses.
However, it can still help practitioners make quick and less costly assessments of
welding operations. Practitioners can quickly determine, based on the thickness
of the material in relation to the maximum weld heat input stated in the WPS,
whether 3D weld heat calculations apply and whether there will be minor or
almost nil thermal influences from the fluid on the reverse side of the base
material.
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13 Conclusions
The main contribution of this work is its examination of how well weld joints
and the associated residual stress and strain fields can be calculated for different
situations. Thus, the work deviates somewhat from traditional and theoretical
examinations of weld properties and stress and strain fields. The perspective of
the work is more that of a welding engineer rather than someone working on
the solid mechanics side. Nonetheless, it is important to point out that
collaboration and knowledge of many different areas of welding has been a key
in developing this thesis.
The work has been conducted over many years. The persons working on the
project have shifted; the technique has been developed significantly during the
years; and my own interest has also slightly shifted. But the overall goal has
always been the same: how to construct a safe weld joint from the perspective
of structural integrity and fracture avoidance. The world is heavily dependent on
reliable weld joints, including in cars, building, bridges, ships, etc.
The main contributions from this work are:
 The algorithm of the apparent thermal conductivity, kPL, has been found to
work as originally intended. Namely, a method using an ordinary
engineering calculator can predict the weld cooling time (ΔtT1/T2) at welding
on base materials affected by a forced flow of fluid on the materials’
reversed side.
 The CWM-platform developed, with its integrated hardware, software, and
methodologies, models consistent and representative weld induced stress
and strain fields in welded components and structures. The methodologies
developed cohere to continuums mechanics, the finite element method,
and constitutive material modelling, and make use of realistic weld heat
flux, thermo-mechanical boundary conditions, and base and weld material
data extracted from a specific welding procedure qualification record. This
all for the purpose of ensuring consistent, conservative, and realistic finite
element simulation results.
 The consistent fully 3D nonlinear finite element analysis methodology for
crack driving force simulation of a crack located in the weld residual stress
and strain affected zone of a welded component or structure.
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In all cases, a combination of theoretical assessment and practical examination
has been used to achieve a deeper understanding of the influence of various
factors on the weld behaviour. In particular, the contributions of the heat and
mass transfer of the arc-weld process and the thermal boundary layer; the
temperature dependent coefficient of thermal expansion, plastic hardening
modulus, yield strength, and the elastic modulus have been examined.
The experimental work has shown a number of different outputs. The main
findings are:
 Feasibility test welding of the weld process parameters used at the finite
element weld simulation provides an enhanced understanding of the
phenomenon to be modelled.
 The data acquisition system used to record essential weld process
parameters should be galvanic insulated to protect the electronic system
and have a sampling frequency high enough to capture and store all
essential data.
 The algorithm of the thermal conductivity kPL has been found useful for inservice welding operations of a wide range of different types of structures
where the reversed side of the base material is affected by a forced flow of
fluid – for example, ship and offshore shell platings, power boilers, nuclear
reactor moderator tanks, and pipelines.
The CWM platform with its associated methodologies has been found to have
good performance for its intended purpose, which is to capture the influences
of the modelled arc-weld process; the base and weld materials’ physical
characteristics; and the thermal and mechanical boundary conditions on the
components’ residual stress and strain fields. Fully 3D computational welding
mechanics analyses are yielding the very best detailed predictions and 2D
parametric studies are useful for observing general trends and phenomenon.
The modelling of the arc-weld process influences the thermo-mechanical finite
element weld simulation results with respect to displacements, strains, and
stresses.
Computational welding mechanics analyses are simulating thermo-mechanical
production processes that progress over time. In these analyses, more and more
material gradually becomes involved over the time; this implies that there is an
analogy between virtual and real weld joint production:
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 A high welding speed of a short weld joint length yields a short simulation
and manufacturing time.
 A large and heavy component requires large reliable computational capacity
and heavy-duty production equipment.
 Construction of a valuable component with strictly defined quality
requirements require more planning, preparations and quality control as
compared to a less valuable, specified component.
 A welding procedure specification with strict instructions and weld process
parameter limitations reduces the variances of the simulation results and
the weld joint qualities.
 Experienced and skilled computational welding analysts should eventually
know when and how one can take a more or less undetectable shortcut in
the modelling work and still produce illusive good results. In the same
fashion, it is very challenging to detect a short cut performed by a highly
skilled and experienced welder, producing illusive high-quality weld joints.
 Practitioners of computational welding mechanics analyses should gain an
understanding of how to proceed for verification and validation of
simulation results, in the same way that those who work on welded
structures have learned and adopted strategies and methodologies for weld
joint quality assurance.
From the results of the parametric 2D computational welding mechanics
study, one can conclude that for modelling weld joints constructed by a few
weld passes, the following lessons apply:
 Use accurate modelling of the weld process.
 Use the base and the weld material’s actual mechanical properties.
 Use the kinematic hardening material model.
 Use of the specified minimum yield strength value will underestimate the
WRS-results.
 Yield strength difference between the weld metal and the base material will
affect the WRS-results.
The computational welding mechanics method applied has demonstrated its
capability to yield results showing the effects of the arc-weld process on the
applied crack driving force expressed through the CTOD. The effects revealed
can be divided into two different parts: globally elastic response regime and
globally plastic response regime.
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In the globally elastic response regime, the weld residual stresses will modify
the applied crack driving force. During the ceases studied, the crack driving
force was augmented due to the presence of the residual stresses. The increase
in driving force is apparently a function of the applied global load and does
not act as an additive term.
In the globally plastic response regime, an effect on the crack driving force
was observed and is believed to be associated with the modification of the
tensile properties. The use of a linear tangent plastic hardening modulus is
believed to yield inaccurate crack driving force result at large applied strains.
Therefore, finite element weld simulations, intended for consistent elastic
plastic fracture mechanics analyses, should be performed by the use of a
nonlinear plastic hardening modulus.
For smaller loads, the former effect dominates, whereas for large applied
strains, the latter effect governs the response. A parametric study varying both
the arc-weld process parameters and the defect positions should promote a
better understanding of this phenomenon’s full nature.

13.1 Answers to the research questions
An improved CWM-platform described in this thesis has been demonstrated.
The accumulated thermal and mechanical influences from multiple simulations
and the subsequent elastic plastic fracture mechanics finite element analyses are
applied to the same consistently meshed geometrical and material model. This
platform has been found to produce realistic and accurate finite element
simulation results for the application in mind, nonlinear fracture mechanics
analyses. This demand of consistent, conservative, and realistic finite element
simulation results, entails that cost effectiveness in the analysis has been
obtained by careful selection and optimisation of hardware, operative system,
numerical solver solutions and element formulations rather than by introducing
simplification in the weld process and material modelling.
The precision of both the fully 3D and 2D CWM-analyses has been validated
against a well-documented welding experiment and its residual stress
measurement results. The welding experiment used in this thesis has a wide
range of applications for dealing with various challenges within many industries.
By use of the improved CWM-platform, it has been found that the weld process
modelling as well as that realistic material modelling by the use of accurate
mechanical material data for both the base and the weld material exerts
noticeable influences on the finite element weld simulations’ results with respect
to distortions, strains, and residual stresses.
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14 Future Work
As mentioned in the previous chapter, this industrial doctoral project has been
ongoing for several years, and the CWM material model developed is under
continuous improvement. Material modelling features will be added, evaluated,
and eventually implemented. Recently, phase transformation modelling and
nonlinear plastic hardening capability has been added to the CWM material
model, and the results will be presented in a separate report. This is also true of
a residual stress release methodology intended for thermo-mechanical
controlled-process rolled structural steel plates.
During the progress of this project, all findings and methodology improvements
have been presented to the public in the form of presentations to practicing
welders, engineers, and designers, as well as conference contributions for the
international finite element weld simulation community. The purpose of this
doctoral project’s main sponsor is to safeguard life, property, and the
environment. For the sake of advancing the safety and sustainability of the
society, all essential details of this project are publicly available in the form of
the document [256], which may be regarded as a draft version of a handbook in
the field of CWM. The author suggests the following topics for further study:
 In light of the discussion of the actual material model’s limitation of the
smallest acceptable element size and the first- and second-order element
formulations’ sensitivity to the effective plastic strain, it is suggested that
this be further investigated with respect to element formulations, material
delivery conditions (e.g., normalised, solution annealed, TMCP, Q&T), and
the material’s production process (e.g., cast, rolled, forged, extruded).
 Validation of the CWM platform’s performance during phase
transformation, stress intensity factor, and J-integral analyses is
recommended. It is also recommended to study the feasibility of elastic
plastic fatigue crack growth (EPFCG) analyses of consistent WRS affected
cracks.
 A parametric study of the influences of the arc-weld process parameters
and the defect’s location at the weld residual stress affected zone on the
crack driving force’s globally elastic response regime and globally plastic
response regime.
 The material test data used for the highly transient CWM analyses are
derived from testing at a steady-state temperature. It is recommended that
a transient thermo-mechanical test method for mechanical material data be
further researched. A first attempt with the Meyer hardness test approach
[100] is also recommended.
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Improved CWM platform for modelling
welding procedures and their effects
on structural behaviour
A welding procedure specification is the document describing how a weld joint
should be constructed. Arc-weld processes are characterized by transient thermal
behaviour, leading to rapid changes in the material properties and dynamic interaction between weld and base material. The objective of this project is to explore
how the use of an improved CWM-platform affects representative stress and
strain fields in order to assess welding procedure qualification records. For this
project, the author applies data on the accumulated thermal and mechanical
influences gleaned from multiple simulations in one and the same meshed
geometrical model.
Both the thermal and mechanical material model of the platform are designed to
be used for modelling of the base and weld material, allowing for the simulation
of the intricate interplay of the thermal, elastic, and plastic strains on the plastic
strain hardening and the formation of residual stress fields. The outputs of the
simulation include weld cooling times, residual stresses, and deformations. The
author extends this analysis by examining how residual stresses influence crack
driving force under elastic and plastic loading. In addition, the outputs from the
simulations can be used to assess the realism of proposed welding parameters.
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