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Abstract

The approach employed in this research in resolving the challenge of welding induced stresses on
the dissimilar material joints of cladded pipes and the aftermath of weld is unique in approach
compared to other researchers in that the transient heat recorded with high temperature
thermocouples (positioned at strategic points) and Pico logger uncovered the trend and rate of heat
transmitted throughout the dissimilar material welded joint during welding. This further revealed
that the rate depended on the nature of the material, the distance from the weld line, weld axis, weld
start, the thermal conductivity of material, phase change and not just the assumed proximity to the
heat source. Hence the thermocouple closest to the heat source was not necessarily the first to
receive the heat neither received the highest amount of heat compared to the rest of the
thermocouples, most especially those placed farthest. This was further validated with the aid of
finite element analysis of the welded joint of dissimilar materials and was confirmed for different
clad thicknesses

Butt welding of two dissimilar materials: stainless steel of grade AISI 316 and mild steel of grade
CR4 was carried out with the aid of the tungsten arc weld at a voltage of 240v using metal filler
elements of A15 copper wire and 304/316 SS filler metals for the carbon steel and stainless steel
sections of the weld, at the Brunel University laboratory.

In this thesis different thicknesses (2mm and 12mm) of stainless steel clad in the dissimilar material
clad joints has been investigated using scanning electron microscope (SEM), EBSD, XRD and
EBSD to examine the dissimilar interface region and carbides in adjacent clads to generate the
diffusion interface occurring in the dissimilar welded joint in order to guarantee the structural
integrity of the structures for improved product quality and reliability. This resulted in generation
of diffusion representation of the microstructural occurrences by reason of the results obtained from
the microscopic and macrostructural analysis which stands out from all other authors.

The approach of resolving the thermally induced weld stresses using the Gaussian theorem also
differs from the approaches of other researchers and proved effective in the FEA of modelling and
validation of both thermal and stress models and with respect to the weld direction. It was
discovered from the weld induces direction, the radial and axial shrinkage effects radial shrinkage
increase with increasing angle of inclination whereas the axial shrinkage at lower increments differs
from those at higher increments of the axial length — cause of creep effect experienced at higher

shrinkages.
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Glossary and Abbreviations

Description

Cross Sectional Area of Column (mm?)

Surface Area (mm?)

Co-efficient of thermal expansion (per degree) (°C™?)
Length of front ellipsoidal of heat source (mm)
Length of front ellipsoidal of heat source (mm)
Half width of heat source (mm)

Carbon Manganese

Stress (MPa)

Longitudinal residual stress (MPa)

Three principal stresses (MPa)

Stefan-Boltzmann constant (5.6703 x 108 Wm2K™*4)
Anticipated hoop stress in MSR treatments (MPa)
Weld induced residual stress (MPa)

Tensile stress (MPa)

Interphase boundary

Sigma phase

Residual stress after MSR (MPa)

Yield stress (MPa)

Transverse residual stress (MPa)

Von Mises stress (MPa)
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AT

€l

th

Es

Fa

fs

fr

htotal

hconvection

H

HFL

Penetration depth of heat source (mm)
Specific heat
Material Stiffness

Difference between the reference temperature and actual temperature
(°C)

Total strain

Elastic strain

Thermal strain

Strain components

Young’s Modulus of Column (MPa)
Circumferential Force

Acceleration force vector

Fraction of heat in front ellipsoidal of heat source
Fraction of heat in rear ellipsoidal of heat source
Combined convection and radiation heat transfer coefficient (Wm2K)
Convective heat transfer coefficient (Wm2K)
Enthalpy of Material (J/KQ)

Heal flux vector (W.m?)

Current (amperes)

Stiffness of Column

Kilogram (kg)

Length of Column (m)

Plate length (m)

XX



M Bending Moment (Nm)

mm Millimetre (mm)

M(r,z) Scalar multiplier as a function of axial and radial position
m3 Cubic metre (m®)
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1 INTRODUCTION

Welding is a fundamental joining technology which has been widely used for joining pipelines
in the oil and gas industry. The weld joints are amongst the most vulnerable parts in the
structural integrity failure assessments arising from such a system. The thermal and
mechanical loading in the process has a profound impact on the integrity of the pipeline over
its service life. An accurate and thorough assessment of the process on the associated residual
stress and its effect on the structural properties of the pipeline is necessary since the dynamic
stress analysis carried out in this research resulted from thermal heating. This primarily calls
for understanding the thermal distribution within such a system, even at the time of weld in
order to appreciate the changes and stresses induced in the body or such system.

Pipeline failure has been a frequent and severe occurrence around the world as a result of
several factors such as ageing pipelines, environmental assisted cracking, corrosion of pipelines
and fatigue. All these have posed a great challenge to pipeline operators and there is therefore
the need for better design scenario to withstand all these factors. Single walled pipelines do not
have sufficient strength to withstand the pressures from the environment, especially in deep
offshore operations and also from the flowing fluid within the pipes. One way of solving this
problem is to enhance the strength of the pipes with clad. The cladding of pipelines involves
technology which enhances the mechanical properties of pipelines, enabling them to perform
under stable conditions and prolong their life by improving the operating performance of the

pipelines.

As emphasis on health, safety, environment and security issues increases, pipeline operators
will need to broaden their focus from the initial feasibility stage right through to operations. A

major technical goal of these companies is managing the integrity of pipelines for incident-free



operation. Achieving this will allow them to continue the safe and reliable transportation and
supply of oil and natural gas to their customers without adversely affecting people or the
environment. Cladding is also used in other industrial practices such as nuclear industry to
house fuel pellets and retain fission products, preventing direct contacts between coolant and

fuel (Rajan, 2016).

The safety and reliability of subsea pipeline in high consequence/impact areas is a flow
assurance and pipeline integrity related project which aims at making the transportation of gas

and oil feasible and convenient in all circumstances, if possible.

The ability of man to harness/ optimize the situation begins with the investigation of welding
and the aftermath of phenomenal occurrences (thermal and residual stress) which is key to the
stability and duration of any pipeline because firstly, no pipeline is designed to be infinitely
long in original length and secondly, if a structure is to fail, it will commence from the weakest

point - the joint, which in this case is the welded joint.

1.1 Background of Research

Welding is a joining technology used in the fabrication and manufacturing process. The several
benefits of welding as a joining technology include cost effectiveness, flexibility in design,
enhanced structural integrity (by optimized design as a result of optimized weld parameters,
reduced rate of failure and improved product life), and composite weight reduction. However,
thermal stress is usually initiated on the weld and the base metal (Lampman, 2001; Goldak,
2005; Youtsos, 2006; Muhammad, 2008). Poorly welded joints result in leakages, pipe failures

and bursts, which lead to possible environmental hazards, loss of lives and loss of properties.



The integrity of welded joints in pipelines and structures is crucial whether in the atmospheric
environment or the marine environment, as encountered on the seabed of both shallow and
deep offshore operations. The welding of cylindrical objects is complex and poses a source of
concern in manufacturing processes. There have been attempts made in the past to investigate
the weld induced imperfections at research centres and prestigious institutions however,
majority of these emphases were placed on prediction of weld induced imperfections such as
deformation and residual stresses in plates/ sheet welds and T-joints structures. Limited work
and significant contributions (Javadi, 2015; Javadi et al, 2013; Yaghi et al., 2006; Jiang et al,
2011; Sinha et al, 2013; Dar et al., 2009; Feli et al, 2011; Ren, 2016; Ren et al., 2018) were
carried out for welding residual stress field distribution and effects on the structural integrity
and performance of sheets rolled circumferentially welded thin-walled cylinders and the critical
study of these structures is yet to be explored. This calls for immediate attention of complex
phenomenon in these types of structures. The optimized design as a result of optimized weld
parameters reduced rate of failure and improved product life of cylindrical welded shell
structures that are cladded with dissimilar materials — these are the major contributions of this
research. Two different thicknesses of the clad are considered and comparison of the

performance with respect to the welded joint is explored in this research.

Residual stresses are the internal stress distributions confined within the body of a material.
Invariably, they are the stresses remaining in a body after all external forces have been
removed. Although there are elastic residual stresses, and residual stresses without plastic
deformations such as thermal misfit strains in parts with more than one material or chemically
induced misfit strain, because of constraints in the deformation which can be elastic constraint
or plastic constraint. In this research, stresses within the body are induced by plastic
deformation within the immediate environment of the weld as a result of the heating and

subsequent cooling of the clad metal, the filler material and base metal in a quick succession.
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Research has shown that when weld-induced residual stress is of same magnitude as the yield
stress of a material; it leads to deformation, thereby reducing the reliability of the welded
structures (Dar et al., 2009). The issues concerning welding as a joining technology are many
and varied. Variables that affect welding such as the weld type, temperature, component
thickness and weld travel speed; all impact on the residual stress distributions. The impact of
these variables is of key interest to researchers, as they continue to pose challenges to the
industry. This is particularly true in regions close to the point of weld, where induced thermal
stresses are most sensitive. Other operating factors affect the residual stress distribution in
welded joints during service life such as thickness of the parent plate, boundary restraint
applied during welding process, heat input supplied by welding (kJ/mm) and post weld heat

treatment (Bate et al., 1997).

Many experiments have been carried out in times past to enable a better knowledge of the
relationships that exist between the residual stress distributions and weld factors such as
melting point of metal, thermal conductivity, coefficient of thermal expansion, reactivity,
surface condition and electrical resistance (Ebert, 1974; Frith & Stone, 2015). These
experiments can be time-consuming and expensive thereby limiting the level of information
that could be obtained about residual stress distributions. Advances made in numerical analysis
especially Finite Element Analysis (FEA) or Finite Element Method (FEM) have made it
possible for computational evaluations of residual stress distributions relevant to the weld
factors either in conventional or intricately shaped engineering materials. In computational
schemes it is possible to deploy known physics to bear on the determination of the effects of
the above weld variables for most engineering materials towards the total design of structures.
In effect, it is possible to properly evaluate residual stresses of welded joints using
computational methods, provided it has a RAM of 32GB upwards, storage space of 250 GB

upwards for storing and resolving complex geometries, and links to routine libraries of the

4



relevant physics. This means that the requirement for the computing facility is not fixed but
dependent on the size and nature of the model and number of degrees of freedom, whether it is
linear or non-linear. It has evolved into more developed platforms which enable most

engineering designs to be resolved, such as ABAQUS software.

1.2 Research Motivation

All over the world, the issue of oil spillage on land and marine environments are common
occurrences that affect the economic use of land as well as aquatic lives. In the Gulf of Mexico,
there are over 17,000 miles of subsea pipelines gathering and carrying oil and gas from offshore
wells to platforms and facilities offshore which are regulated by the Office of Pipeline Safety
of the U.S. Department of Transportation (under code of Federal Regulations 49 CFR) and
Minerals Management Services of U.S Department of the interior (under code of Federal
Regulations 49 CFR) which regulates subsea pipelines. The potential significance of leaks in
offshore pipelines gives rise to continuous efforts in documenting and reporting as well as
analysing failures. Statistics shows that approximately 1000 incidents occurred between 1960
to 1990, out of which 49 % were offshore pipelines due to corrosion and the corrosion induced
failures have cause 2% of pollution with no fatalities. On the other hand, failures from maritime
traffic accounted for 14% of the failures causing 90% pollution damage and several fatalities.
In continued search for cost-effective safety and risk informed criteria design (in a particular
case) four limit states are defined — serviceability (normal operation), ultimate (leak tightness),
fatigue (crack propagation) and accident (rupture) (Antaki, 2005).

Pipeline Hazardous Materials Safety Administration (PHSA) in 2010 reviewed several projects
constructed in 2008 and 2009 with 20-inch or greater diameter grade X70 and higher line pipe

in which the metallurgical testing results of failed girth welds in pipe wall thickness transitions
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revealed pipe segments with misalignment of the pipe weld, improper bevel and wall thickness
transitions, improper back welds and improper support of the pipe and appurtenances (Pipeline
and Hazardous Materials Safety Administration, 2010).

The restoration of ecological balance after oil spillage is normally associated with high cost of
the clean-up operation and soil remediation. In Nigeria, pipeline bursts, oil spillage and
consequent fire outbreaks have taken its toll on human lives, destroyed properties and have had
a profound effect on the natural ecology. These pipeline bursts include those carrying refined
petroleum products to the upper regions of the country and numerous incidents in the Niger
Delta area carrying crude oil. Table 1.1 shows some notable pipeline disasters witnessed in
Nigeria and the casualty figures (Newswatch, 2006). The majority of these oil pipeline bursts
are traceable to defects in welds and or corrosion. It is possible that relative matters of pipeline
integrity relative to the variables that affect weld joints may not have been properly considered
ab initio.

The prevention of these kinds of disasters is only possible through the curious determination
of all variables that are involved in the design of pipeline integrity. This study is focussed on
pipeline integrity with the aim of looking at two extreme design scenarios of thick and thin
clads of pipeline welds. Improvements in pipeline integrity have been developmental,
particularly with the availability of design software using digital computers. This enables
structural shapes to be correctly evaluated using relevant physics prior to welding. Given that
most of the pipelines in operation are ageing and could have been victims of poor weld design
considerations, it is of research interest that weld design variables be properly considered
through simulations and correlated to experimental works to see agreements in failure
occurrences. Due to confidentiality of court cases currently ongoing with regards to failed
welds, evidence is kept confidential. Weld temperature and weld thickness are considered to

have a profound effect on the integrity of welds because they affect the strength of the material.



Depending on the heat intensity of the weld, it can affect the material property. Weld
consumables have significant effect in determining the level of strength and integrity of the
weld.

Table 1.1 Some Notable Nigerian Pipeline Disasters — Failures

Date Location and Estimated Casualties
1 | May 2006 At least 150 killed in Lagos
2 | December At least 20 killed in Lagos
2004
3 | September At least 60 killed in Lagos
2004
4 | June 2003 At least 105 killed in Abia State
5 | July 2000 At least 300 killed in Warri
6 | March 2000 At least 50 killed in Abia State
7 | October 1998 | At least 1, killed in Jesse

Secondly, stress from welding is one of the bases for cracking and fracture in welded pipes.
Prior to determining the crack propagation factor, it is expected that the stress should be

determined and known, that is where this research finds relevance.

There is the need for better design factors and enhanced weld scenario, as well as cladding to
withstand a corrosive environment. Statistics from the International Energy Agency (IEA)
show that over 50% of the world’s gas fields are very corrosive and up to 70% of the residual
oil reserves comprising of crude oil contains a significant amount of carbon-dioxide (CO2) and
sulfur which is corrosive, hence the need for long lasting pipes with six times its original life

span (Miller, 2013).



1.3 Aims and Objectives

The aim of this research project is to achieve a good knowledge of the relationship and the

variations between the thermal effects and residual stress distribution in cladding pipes.

In carrying out this research the following objectives are being pursued:

To resolve the intricacies of the heat transmission in the welded joints of dissimilar materials

during Narrow gap GMAW welding of thick section materials.

To resolve the modelling problem for multiple (seven) weld passes of narrow gap welding of
thick sections of dissimilar materials joints by developing different models of the thermal weld
passes. The modelling problem is interpretation and representation of thermal heat and residual
stresses in the dissimilar material joints of the welded blocks and geometries using simulation
since every modelling is unigue according to the perception and understanding of the researcher

and the approach to resolving the simulation is also unique.

To resolve the modelling problem for residual stress distribution in (multiple) seven weld
passes of Narrow gap welding of thick sections of dissimilar materials joints by developing
different models of residual stress profiles of the welded joint in 3D pipe strip, 2D Plates, 3D

clad pipe and clad plates.

To gain better understanding of the effect of heat input on the mechanical properties and

microstructures evolution of welding of dissimilar material joint with recurring reheating.

Understanding the effect of solid-state phase transformation on the residual stresses of the

dissimilar material joints of weld with respect to two different clad thicknesses.

In summary, the above objects will be practically carried out via the following procedures:



b)

VI.

VIL.

Studying the effects of weld in order to understand the thermal analysis — especially in
clad pipes

Discovering the effects of thermal and residual stresses in dissimilar joint welds of clad
pipelines

Studying and discovering the occurrences on the HAZ of the welded joints of
dissimilar materials — to investigate the reheating occurrences at the weld zone.
Determining the weakest point of burst of the welded dissimilar material joint
Carrying out Finite Element Analysis (FEA) and Simulation of weld by the:
Developing of 2D axis symmetric and 2D finite element models of pipes and plates for
thorough examination of the thermal and residual stresses of the welded structure.
Creating of a 3D Strip model of the Pipe for the studying of the thermal and residual
stress analysis and distortions.

Creating of a full 3D Pipe model and 3D Clad pipe and plate model for further analysis
of the thermal and residual stress distributions.

Understanding the heat distribution during the welding process and its influence on the
thermal stress formation via weld experiments and mechanical testing and laboratory
investigations as well as FEA simulations.

Understanding the effect of microstructure on the mechanical performance of welds —
recognizing the microstructural differences at the various weld regions: Heat Affected
Zone (HAZ), Fusion Zone (FZ) and Parent Metal (PM) via examining the
microstructures under different laboratory tests such as Electron microscope; SEM

analysis XRD, EBSD and EDAX.



1.4 Research Methodology

The research methodology employed in this research is combined FEA simulations of the
various welds listed above and experimental welding backed up by mechanical tests and
laboratory analysis as reported in this thesis. This entails a traditional arc weld process for
joining two plates of differing thickness and materials together, carried out in the departmental
laboratory at Brunel University, London. Two mild steel plates of 150 mm by 100 mm of 10
mm thick, and two same sized stainless-steel plates of 2 mm thick were welded together along
the 150mm line in multiple passes of 4 with a specific filler element: 304/316 filler wire for
the Stainless Steel and A15 copper wires for the mild steel. Heat thermocouples are placed at
different positions away from the point of welding according to the thermal results and plot of
thermal analysis. Measurements are taken at 10, 20 and 30 mm from the weld line in both the

stainless steel and mild steel plates.

1.5 Main Contribution of this research work

In spite of the fact that welding is one of significant processes of fabrication in the engineering
industries, there is limited scientific understanding currently in productivity measurement and
evaluation of welding processes. Since it is a manufacturing technique, welding provides a
number of technical challenges to the welding community specifically the shop floor engineers
involved in manufacturing of structures integrated through welding such as cladding. While
joining components of structure together, via welding, the highly localized thermal gradients
from welding result in high amount of stresses of the order of yield strength of the material
within and around the weld vicinity causing significant deformation of the structures to be
welded which in this case are dissimilar material clad. The weld residual stress and deformation

can significantly affect and hinder the performance and reliability of the welded cladded
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structures. Welding of clad pipes can result in a variety of complex microstructures due to the
presence of dissimilar alloys. The difference in chemical composition and thermal properties
will influence the integrity of the welded joint and can result in a crack susceptible
microstructure. This calls for the need to critically investigate the residual stresses from the
welding of these cladded dissimilar metals during the design and manufacturing phases in order
to guarantee intended in-service use of the welded structures (Dar et al, 2009; Javadi, 2015;

Javadi et al, 2013; Yaghi et al., 2006; Jiang et al, 2011).

The contribution of this research is the investigation of the thermal phenomenal occurrences
and stresses induced in the welded joint of the dissimilar material clad (double layer) as
compared to same material joints and also the single weld layer of pipe welds which is the
predominant manner of welding in pipeline industries — with respect to different clad thickness
and especially examining the effect at the heat affected zones of the dissimilar welded joints.
The need to investigate the recurrent reheating which takes place within the base metal and
clad metal during the welding is very key. Investigating the recurrent reheating of the weld
layers, intricately unveiling the occurrences at the dissimilar welded joints microscopically and
macroscopically in order to explain how the findings enhance the performance of the welded
joints. The approach utilized in carrying out the FEA modelling is unique from other authors;
the FEA design of the welded joint is also different from previous authors. The high
temperature thermocouples employed alongside pico-logger used for measuring the thermal
responses and the thermal representation of transient heat which is synonymous to the rate of
heat transfer during the welding process as well as the validation using the experimental data.
There is the diffusion representation of the microstructural occurrences by reason of the results

obtained which stands out from all other authors.
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Efforts have been made in the past to examine weld induced weld imperfections in different
universities across the globe and the emphasis have been on the determination of weld
imperfections such as deformations and residual stresses in sheets single layer, T-joint
structures, single layered pipe and same cladded material. Few significant contributions
towards weld residual stress distribution and its effect on the performance and structural
integrity of dissimilar material cladded pipes and the thorough investigation of this structure
has not been fully discovered. As a result, the complex phenomena of welding and after math
of welding in these types of structures both at macroscopic and microscopic scale requires
urgent attention and focus of researchers to guarantee the structural integrity of the structures
for improved product quality and reliability. It is expected that the method of approach using
FEA, optimized weld parameters, reduced failure rates, improved product life are the major
contributions from this research.

In this thesis different thicknesses (2mm and 12mm) of dissimilar material clad joints has been
investigated using scanning electron microscope (SEM), EBSD, XRD and EBSD to examine
the dissimilar interface region and carbides in adjacent clads to generate the diffusion interface
occurring in the dissimilar welded joint to guarantee the structural integrity of the structures
for improved product quality and reliability.

High corrosion resistant materials such as stainless steel possess good strength and are tough.
Cladding provides corrosion resistance. The use of a clad layer on a base metal helps reduce
the cost enhancing manufacturing outcome (TWI, 2007).

The thickness of a clad layer usually varies from 2mm to 20mm and finds use in different
welding techniques such as Gas metal arc welding (GMAW), manual metal arc welding
(MMAW), submerged arc welding (SAW), flux cored arc welding (FCAW), laser deposition
and gas tungsten arc welding (GTAW) (Smith, 1992; Smith, 2012; Davies, 1994; Frenk et al.,

1997, TWI, 2016). The clad (which in this case is a stainless-steel layer in the interior of the
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pipe) provides the required resistance to abrasion, corrosion and oxidation, whereas the carbon
steel is the base metal of the outer pipe and supplies the strength, increased thermal conductivity

of the overall structure as well as ‘fabricability’. Refer to Figure 1.1 below.

> Weld Zone

Substrate Layer

Figure 1.1Cladded Pipe Weld (TIP TIG, 2019)

The contribution of this research is seen in addressing the welding between two dissimilar
material joints. It is obvious that the demand for reliable long-lasting and very safe engineering
facilities, mode of operation and working environment are in high demand in every industrial
application. This spurs the need for joining dissimilar metals with the main aim of achieving
enhanced and improved components with better mechanical and thermal properties (qualities),
lightweight and outstanding performances, as well as prolonged in-service life for such
facilities (Kah & Martikainen, 2014). An outstanding and effective weld between dissimilar
metals therefore is one in which the strength of the weld equals the weaker of the two metals
being joined. This invariably means great tensile strength and ductility to prevent failure in
weld joint. This kind of desirable weld output can be achieved via several welding procedures,

which will be discussed in-depth in chapter two (Materia, 2006).
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It is of great importance to guarantee the integrity of the HAZ and the clad metal while
ensuring the material properties of the base metal. Invariably, the metallurgy of the clad metal
and base metal must be clearly understood. Since dissimilar metal joint is a major contribution
to research at the fusion zone (FZ) and (HAZ), there is change in the structure and array of
grains and chemical composition of the clad metal and base metal as well as the introduction
of new elements from the filler metals. This then alters the chemical composition of the newly
formed structure even more. All the above occur by reason of the increase in heat supplied to
the weld metal in the course of welding, which subsequently alters the chemical composition,
hence producing new compounds with different properties and microstructural array. In this
research, the clad metal is the stainless steel AISI 316 and the base metal CR4 is carbon steel.
The filler metals are 304/316 filler wire and A15 Copper wires respectively.

There is the tendency for the base metal (also known as substrate layer) to dilute the clad metal

(clad layer) therefore altering the corrosion resistance of the cladding. This calls for care while
carrying out the welding. The age of low-cost and residual oil is gone. An account by the
International Energy Agency states that seventy percent (70%) of the world’s reserve is made
up of crude oil (consisting of high CO2/ CO: or sulphur levels), which demands the use of
corrosive material of a very high quality and standard. Data also shows that over fifty percent
(50%) of the world’s gas reserves are very corrosive, which calls for the use of clad pipelines
for transportation. (Miller, 2013). From a world economic view and analysis, corrosion costs a
huge sum of money to treat. The World Corrosion Organization (WCO) last quoted it at $2.2
trillion (roughly 3 percent of the world’s GDP). One trillion dollars which is equivalent to 45
percent of the annual cost of corrosion is allocated to the petrochemical, oil and gas sectors.
There is a huge request for material that can withstand challenging operating environments

such as greater corrosion, higher pressures, greater tear and increasing temperatures. The use
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of corrosion resistant clad pipes with higher strength and toughness is the best option in such

Cases.

Advanced clad techniques in pipelines not only enhance the life span of the pipelines but reduce
downtime and expensive repairs. This in turn saves several hundreds of thousands of dollars in
hourly lost profits. Finally, it decreases emission to a minimal rate hence elongating the life

span of the pipe by a factor of six times its original (Miller, 2013).

1.6 Significant contributions and gaps covered in this research

In carrying out this research additional information has been obtained in uncovering the fact
that further understanding on the continuous reheating at the welded joint is required. Also
investigating the trend of transmission heat and confirming that the welding is independent of
the path travelled. Finally, new, and more specific systems have been developed which are
applicable to both pipe and plate. (Kursun T., 2011; Sun, 2012; Jiang, 2013; Steel, 2016; Acar,
2017; Roa, 2004; Shin, 2012; Dean, 2006; Bate, 2005; Di Gioacchino, 2015;

Lakshminarayanan, 2010; Das, 2016; Feli et al, 2012).

Ren (2018) investigated the residual stress in narrow-gap multi-pass X65 pipe steel girth weld
in as welded condition and after global and local post weld heat treatment procedures using
neutron diffraction technique. While Yao focussed on the post heat treatment of only one
material configuration and compared results with 2D FEA model of the weld (Ren, 2018), this
research focussed on 3D FEA model of the weld investigating the fact that recurrences of re
heating took place via the different clad thicknesses and also studied that over two different

clad thicknesses of dissimilar material welded joints.
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The suggestion for further work no 4 in the research above, stated as follows: The work can be
extended to a wider scope. As only one material configuration was studied in this work, the
findings regarding the residual stress distributions and magnitudes in narrow-gapped multi-
pass pipe spool before and after furnace/local PWHT weld were not sufficient to be
standardized for general (narrow-gapped weld) cases. It is suggested to perform large numbers
of residual stress evaluation on girth welds with various thicknesses or R/t ratio values to

provide related residual stress profiles in BS7910 and R6.

The above has been carried out in this research. The neutron diffraction measurements of

residual stresses will be considered as future work to be done on different clad thicknesses.

In order to verify the outcome of the PWHT carried out at the welded joint, neutron diffraction
measurements of residual stress were employed (Ren, 2018). To further verify and prove the
existence of continuous reheating occurring within the welded zones of the dissimilar material
joints in this research, further microscopic lab investigations of the weld macrostructures were
carried out and the results truly confirmed the fact that continuous reheating took place
throughout the welding process and at the welded joints of the dissimilar materials. This was

also confirmed from past findings of researchers on reheating occurrences for post welds.

If there exists continuous reheating at the welded joints and of interest in this research, within
the dissimilar material joints of the weld; it calls for the need to investigate the manner, nature
and especially trend of the distribution of heat that was transmitted during the welding of the
dissimilar welded joints (how that it was dispersed within the joint) especially because heat

input will introduce residual stresses at the welded joints.

As recommended in the R6 procedure, in order to obtain representable analyses, it is preferable
the material properties up to melting point (Tm) are measured instead of using literature values.

This can be applicable for both temperature-dependent thermal and mechanical properties.
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With the aid of FEA modelling, factors such as transient heating and cooling curves were
developed and compared with the measured values and it was discovered that a good agreement
existed to verify the trend of heat distribution within the welded joint. Also the 3D FEA model
of the stress distribution in the different clad thicknesses of the dissimilar welded joints were
simulated in a model to predict the post-heat treatment residual stress and this had similar stress

distribution both in the pipes and through the thickness models of the post-heat treated samples.

Due to the limited availability of material, equipment and cost, the study on local reheating in
the dissimilar material joints cladded only examined the effect of (heating) and weld
macrostructures as well as 3D FEA simulation (Kursun T., 2011; Sun, 2012; Jiang, 2013; Steel,
2016; Acar, 2017; Roa, 2004; Shin, 2012; Dean, 2006; Bate, 2005; Di Gioacchino, 2015;

Lakshminarayanan, 2010; Das, 2016).

In the FEA simulation, the reading and stress distribution along the weld direction have been
shown to be independent of the order in which the weld is carried out unlike the findings

obtained in past literature such as (Feli et al, 2012).

1.7 Outline of Thesis

This thesis is divided into six chapters as listed below:

CHAPTER 1: Introduction

This chapter illustrates the significant contributions of the research alongside the relevance of
the research. It points out the thermal effects of welding as it concerns the HAZ and also the
residual stress induction and distortions which occur in plates and circumferentially welded
pipe joints or cylinders as well as the factors that inspired the research. If a pipe is to fail, it

begins at the weakest point, which is the welded joint. This is fundamentally the inspiration
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behind this research — the failure of pipeline welded joints. The aims and objectives of the

research are clearly pointed out alongside the layout of the research.

CHAPTER 2: Literature Review

Work that has been previously done is discussed in this chapter. It portrays findings and
contributions to the situation and shows the challenges that arise with pipeline failure, clad and
weld joints. The evolution of FEA in this trend of research and findings is also highlighted.
The effects of weld parameters on the Fusion Zone (FZ) and HAZ are also enumerated, as well
as live cases of pipes bursting. They have been thoroughly studied and highlight the key factors

behind the failures.

CHAPTER 3: Experimental Studies

This Chapter describes the experimental laboratory work carried out in this research. Ranging
from the actual welding processes right through to clarifying the approach to tackling these
challenges encountered in welded pipeline joints and clad joints. This was further followed up
by undertaking some mechanical tests such as the Charpy impact, indentation and tensile, as
well as laboratory analyses on SEM, XRD and EDAX. All the tests and microscope analyses
are discussed under the three major subheadings of methodology, results and discussions. The
experimental setup for welding, precautions taken (safety standards) and array of
thermocouples as well as heat recorded. The results obtained from the above experiments
described in chapter three were clearly presented in tables and with figures, charts and graphs.
Special care was given to details of how the different results complement each other and further
verified the findings and expectations from the research. It is important to note here the

practical demonstration of how the weld parameters affect the (FZ) and especially, the (HAZ).
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CHAPTER 4: Thermal Analysis (FEA)

The thermal effect of welding is discussed in this chapter. The result of the FEA thermal
analysis of the pipeline and plate are discussed and plots of transient thermal cycles and axial
temperature distributions displayed. The plots of temperature versus time are also plotted.
Beginning with the FEA Simulation carried out with the Abaqus software the comparison of
the FEA thermal cycles and those of the weld experiments carried out in the laboratories and
weld parameters are displayed and further analysed.

The geometries were considered, as well as the material properties and choice of meshing.

CHAPTER 5: Stress Analysis (FEA)

The technique of structural analysis, as well as boundary conditions applied, are discussed.
Contains the plot of the residual axial stresses at different cross sections both on the external
and internal surfaces of the pipe strip, pipes and plates. Validation of simulated residual stress
results using measured stress results in plates and pipelines. Welding distortions are mentioned

briefly. Welding residual stress fields and axial stress fields are displayed using FEA.

CHAPTER 6: Discussion and Conclusion

Discussions and interpretations of both experimental findings and FEA results (to prove the
validity of thermal and residual stresses within clad pipes and plates), a summary of key
findings within the research, suggestions for further work, and conclusions are all highlighted

here.
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2 LITERATURE REVIEW

2.1 Introduction

The chapter on literature review discusses the heat effect of welding and microstructure,
advancement in high strength steels and their relevance both in offshore operation - subsea
pipelines and structures in general. It also expatiates on the different techniques of joining with
particular focus on welding of high strength steels, residual stresses and the techniques
involved in its measurements, cases of weld failure and finite element analysis, simulations of
welding in both clad and non-cladded plates and pipes as well as contributions by this research.
It further uncovers the failure scenarios and the experimental and numerical simulation in plates
and also in pipes; dissimilar material which is the research focus, alongside the deformation in
welding and welding techniques, will also be discussed. The advantages in the choice of weld
utilised was also discussed, as well as the principles governing the different techniques and
choice of methods employed both in experimental and simulated stages of this research.

The need for clean energy and transportation of higher volumes of oil and natural gas via high
pressure steel pipelines have resulted in demand for large quantity of steel for fabrication and
installation of many pipelines all over the globe (Hwang et al, 2005; Zhao et al, 2011). Pipelines
have also been in extreme conditions and environments like the artic, seismic regions and
permafrost where high performance line-pipe steels with high strength, good weldability,
superior corrosion resistance and low temperature toughness are promising candidate materials
for fabricating pipelines (Shin et al., 2007; Hashemi & Mohammadyani, 2012; Kolhe & Datta,
2008). As aresult, HSLA line-pipe steels have evolved from X60, X70 to currently X80 and
X100 grades (Asahi et al., 2004;Yan et al., 2009; Fairchild et al., 2004; Koo et al., 2004; Asahi
et al., 2004) in the last decades. These pipelines undergo internal pressures up to 15 MPa and

higher in low ambient temperature of -40 °C and lower (Hwang, 2005). These applies to X70
20



steels with wall thickness up to 40 mm and for X80 and X100 line pipe with wall thickness of
25 mm and below (Bai & Bai, 2005; Koo et al, 2004). Increasing the operating pressure while
using thinner pipelines implies reduction in fabrication and transportation costs (Shin et al.,
2007; Hashemi & Mohammadyani, 2012; Hwang, 2005; Kolhe & Datta, 2008).

With the progress in mechanical properties of steel and methods of production such as thermo-
mechanical control processing, quenching and tempering processes, high strength steel
structures have found variety of applications because the properties of high strength steels and
high-performance steels have availed engineers innovative solutions to fabricate enhanced and
economical steel structures.

Examples of high strength steel which have been utilized in building notable structures in
different geographical locations include Sony Centre in Germany which employed the S460
having a nominal strength of 460 MPa and S690 having a yield strength of 690 MPa; the
Beijing Bird’s Nest Olympic Stadium using steel with yield strength of 460 MPa and the Star
City hotel and Latitude building in Sydney Australia employed steel products with the yield
strength of 690 MPa (Shi et al., 2014). Other structures around the globe include Freedom
Tower in New York French cable-stayed road bridge Millau Viaduct (Qiang et al., 2012; Kitada

et al., 2002; Gao et al., 2009).

2.1.1 Offshore Pipelines

The current trend in onshore pipelines is towards line pipe such as grade X70 with a wall
thickness of up to 40 mm, this is however too thick for offshore applications because
installation will require bending and deforming of the pipe. The thickness of pipe wall ranges
from 15 — 25mm in the North Sea because the water depth is partially low. Also, in the North

Sea, a large offshore pipeline project in grade X70 is operated by Statoil which connects Karsto,
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Norway with Dornum, Germany being 600 km long and having a dimension of 42 in. OD and
25 mm to 30 mm wall thickness. In 1990s Europipe finished the development of grade X80
pipe 48 in. OD and 18.3 mm to 19.4 mm wall thickness for offshore pipelines and the use of
commercially manufactured large diameter X80 pipe for long transmission pipelines has been
verified (Bai & Bai, 2005).

Series of pipes in offshore application have been supplied for qualification testing with regards
to laying of pipe and with the help of a joint industry project referred to as EXPIPE, the
engagement of X80 line pipe for export pipelines was approved (Bai & Bai, 2005).

Low alloy steel pipelines such as X65 is the current material employed for operating in sour
service (Bai & Bai, 2005), therefore with the aid of chemical composition during the fabrication
of the steel, the formation of nucleation sites for hydrogen-induced cracking (HIC) is
prevented. Currently, the trend in production depicts great potential for the development of
higher grades up to X80 for slightly sour conditions (Bai & Bai, 2005).

Grade X70 is being utilized for high transmission lines in several countries even for high
pressure transmission lines on land. Suppliers include Sumitomo for Canada, Malaysia and
Bangladesh; Nippon Steel for USA, UAE, Columbia and Malaya and NKK for Canada and
Vetco Gray. In addition to the above, a pipeline project installed in July 1997 for BP in the
North Sea, entailed laying grade X70, subsea pipeline 74 km long and 24-in. OD pipeline
having a wall thickness of 25.8 mm (Bai & Bai, 2005). Britannia also laid a subsea pipeline in
the North Sea same period having dimensions of 190 km in length OD of 28 in. and wall
thickness of 17.5 both of which were welded using the Passo GMAW (Bai & Bai, 2005). Passo
is the latest development of automatic GMAW/FCAW welding system designed for both
onshore and offshore pipeline construction (S and J lay) and the main highlights and advantages
of this is high weld quality and repeatability controlled by a customized software in real time

all welding parameters (Bai & Bai, 2005). Shell Oil Mensa installed an offshore subsea pipeline
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in the Gulf of Mexico in 1997 having dimensions of 100 km long and an OD of 12 in. with
wall thicknesses of 19, 21 and 32 mm which was installed using phoenix mechanized GMAW
with shaw mechanized UT and likewise the subsea Norfra pipeline in the North Sea has an OD
of 42 in. and is 840 km long (Thorbjornsen et al, 1997; Bai & Bai, 2005).

The density of the structure determines the weight which is vital in ascertaining weightlifting
structures such as crane since there is a strong drive in the crane manufacturing industry to
increase the loading capacity. High strength steels which are suitable materials for cranes
enables lighter and more slender structures which reduces the dead weight of cranes efficiently
enhancing loading capacity and economic consumption of fuel (Shen et al., 2012; Khurshid et
al., 2012). The use of high strength steel also contributes towards cost savings on design of
lighter cranes with less material consumption and utilization hence reducing fabrication costs

(Siltanen et al., 2015; Zhang et al., 2012).

2.2 Manufacturing Processes of Cladded Pipes

In dissimilar material clads, two major type of bonding are being employed — metallurgical
bonding and mechanical bonding. The former entails the use of chemical bonding between a
substrate and a coating area that a close proximity and contact or diffused evenly example laser
cladding (Xu et al., 2015). Heat treatments by post spraying dispersions are employed to
augment this bond. Metallurgical bonding can further be grouped into Ferrous metallurgical
bonding and non-ferrous metallurgical bonding. While Ferrous bonding incorporates the
technique and alloys that are iron-based and is responsible for 95 % of worldwide metal
production known as black metallurgical bonding; non-ferrous metallurgical bonding
comprises of alloys and processes based on varieties of metals and is referred to as coloured

metallurgy. Metallurgical bonding establishes the balance between the two different materials
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being bonded together using the following specific properties — strength, corrosion resistance,
toughness, fatigue resistance, weight, hardness, performance in extreme temperatures and cost.
Cladded metal pipes are manufactured via techniques that entails joining of a tube blank and a
coaxially disposed pipe section received therein and subsequently the combination of an
extrusion of resultant tube blank pipe to create an internally clad pipe of required specification.
With internally directed pressure the pipe section inserted into the tube blank is radially
expanded simultaneously, following the application of axial force in order to maintain the
expansion of pipe section after the extraction of the applied internal pressure, and axial force.
A completely fabricated pipe is formed via a combination of mechanically joined tube blank
pipe hence it is fully fabricated to form a finished pipe of exact specification containing
diffusion bond in between material layers consisting the internally clad pipe which refers to
both pipe section and tube blank.

There are several processes of manufacturing cladded metal pipes and internally clad metal
pipes. These include extrusion, centrifugal casting, roll welding and internal-pressure plating.:
1. Extrusion — involves inserting a metallic inner pipe known as clad into a metal pipe such that
an alloy which possesses low melting-point is plated onto the internal circumferential surface
of the outer pipe acting as a bonding device. Next is the evacuation of the bonding surface by
heating intermediate space between both pipes to 1100 °C such that the bonded metal alloy
melts and diffuses between the two pipes. The pipe combination is then hot-extruded (U.S. Pat
No. 4,744,504, November 4, 2003).

2. Centrifugal casting — entails the casting of molten metal into a metal pipe mounted on
bearings which rotates about its axis, distributing the molten metal evenly across the internal

circumference and along the length of the metal pipe during its rotation.
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3. Roll welding — This technique entails the bending of roll-clad metal plates to form a pipe
which is welded together along the longitudinal axis (USA Patent No. 5,940,951, August 24,
1999).

4. Internal-Pressure plating — This is the insertion of an internal thin walled pipe known as
internal cladding into a metal pipe and by reason of internal pressure, this is further pressed
onto the inner circumferential surface of the outer pipe German patent 4,406,188 (Rhoden, 27
October 1943)

In each processing there are several manufacturing stages which makes the overall cost of
fabrication expensive and less competitive when compared with the costly conventional
cladding, however the ultimate goal is to simplify the fabrication procedure for cladded pipes
such that corrosion resistant solid monowall pipes in order to attain an affordable price and also
to ensure that the fabrication of clad pipes and internally cladded pipes is fundamentally alloys
of metal and metals. Cladding usually entails the interior conveys the end product or fluid and
it is corrosion resistant stainless steel or nickle based alloy while the exterior is made up of
material such as carbon steel or low alloy steel and in some cases similar material. Cladding
can be double layered or more, although best practise entails cladding is a single layer. There
are some cases where cladding in pipe is made of low material such as carbon steel; it is
advisable that the interior of the pipe be made of higher quality material such as stainless steel.
There is therefore the application in fabrication whereby a cladded pipe is a single layer
internally clad pipes and the procedures for this fabrication of clad metals are as follows (USA
Patent No. 5,940,951, August 24, 1999):

1. Pipe section having shorter length and greater wall thickness in comparison with the final
product which eventually becomes the coating of the clad is inserted into a tube blank of equal
length with the pipe section and having an external diameter which corresponds to the internal

diameter of the tube blank and also of equal great thickness as the final product. It is observed
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that the pipe section fits accurately after matching the opposite circumferential surfaces of the
tube blank and the pipe sections to be metallically bright.

2. Placing the pipe section subject to internal pressure such that it fits flush on the inner
circumferential surface of the tube blank, dispelling the air between the tube blank and pipe
section so that the pipe section is also (upset) in the axial direction.

3. The combination of the pipe formed from the tube blank and the upset and expanded section
of the pipe is heated in one motion to the ultimate and required specification. (USA Patent No.

5,940,951, August 24, 1999)

2.3 Heat Effects of Weld

The process of carrying out welding using an arc welding process entails melting down the
base metal. In this research, it also involves melting down the clad metal. During the course of
carrying out the welding, filler metals are also melted, such that the solution formed by heating
up all these materials and holding them at that range of temperature long enough to permit the
diffusion of constituents into this molten solution and cooling down rapidly in order to maintain
these constituents within the solution. The aftermath of this procedure generates a metallurgical
structure positioned in-situ the material which supplies superior tensile strength. The bulk of
the material immediately after the fusion zone which has its characteristics altered via the weld
held is termed Heat Affected Zone, denoted as HAZ. Figure 2.1 (below) shows how the volume
of material within the HAZ undergoes considerable change. This can be advantageous to the

weld joint, but also non-beneficial in some circumstances.
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Heat affected Weld toe
zone

Figure 2.1 Heat affected zones as viewed under an electron microscope. This a single layer weld and
shows a cross-section of the HAZ (Menon, 2017)

The findings and relevance are focussed on the heat affected zone and the effects of the thermal
analysis on the heat affected zone, as well as the effect of the thermal and residual stresses on
the heat affected zone. The heat-affected-zone (HAZ) is a region of the base metal which
undergoes alteration in its metallurgical properties even though not melted, by high thermal
energies during welding or high heat cutting. The HAZ which has differing lengths, depths and
widths also differs in areas of severity (affected by heat), undergoes the heating and cooling
cycles, which in turn generates the changes in the HAZ. These changes could be metallurgical
in which case; they induce stresses that subsequently reduce the strength of the material, or
generation of nitrides within the HAZ affecting the weldability. The profile of hardness varies
across the HAZ and the microstructure and consequently, corrosion resistance or cracking
(Milella, 2013; Du Toit et al., 2006; Lau et al, 1985; Taniguchi & Shigesato, 2015; Mithilesh
et al, 2013; Lu et al, 2011). During welding the precipitation of carbides at grain boundaries in
a stainless-steel or alloy causes it to become susceptible to intergranular corrosion. This is
known as sensitization. When certain alloys are exposed to temperature (sensitization
temperature), they become particularly susceptible to intergranular corrosion. The

characteristics of weld such as high localized stresses and hardness can be enhanced by
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regulating the pre- and post-weld heat treatment conditions (Lee et al, 2014; Leggatt, 2008;

Olabi & Hashmi, 1996).

The physical attributes of HAZ can also be altered. The extent to which the physical and
metallurgical properties are altered is dependent on factors such as the filler metal, the quantity
of heat imputed into the weld and the base material. The size of the HAZ is controlled by
parameters such as time of exposure to heat, the welding speed and Ampere of current used in
carrying out the welding (Yousefieh et al., 2011; Karimzadeh et al., 2005; Mourada et al., 2012;

Inspatguru, 2016; Insectioneering 2016).

Furthermore, the nature of the weld type utilized is that of a narrow band gap, which is not only
a new technology in welding but finds great relevance in welding thick sections between
pipelines, especially in oil and gas transmission lines. If an engineering structure is going to
fail, it will start from the point of the weakest joint which is the welded joint. This calls for the
need to pay close attention to the weld joint and minimize failure to as low as possible. This
means that the weld root which is the beginning point of the weld needs to be narrowed in size

as is the case with the Narrow gap weld.

2.3.1 Weld Induced Residual Stresses and Distortions

Local plastic deformations produce residual stresses which are in turn caused by the sudden
heating up and gradual cooling of defined regions within metal. More often than not, these
regions are restricted domains within the metal. The weld region cools down to solidify rather
quickly generating residual tensile stress in that region, while consequently maintaining the

remaining parts of the metal at residual compressive stress.
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Figure 2.2 illustrates the transverse and longitudinal residual stresses present in centre cross
sections of a rectangular plate. Longitudinal stress decreases with increase in distance from the
centre of weld; having been generated from a successive heating and cooling series constrained
by the metal within its immediate environment. It further diminishes (zero value) along the

longitudinal path and tends towards compression in the transverse path.

Welding is basically the localised heating of edges of joints to form a new structure. Stresses
are generated which are not uniform in nature within the material by reason of the heat
introduced thereby causing expansion and contraction of the material. Compressive stresses
are induced in the parent material with low temperature by reason of the hot weld pool which
heats up the immediate environment known as the HAZ. When the weld pool cools down,
tensile stresses are formed because the parent material then resists the contraction of the weld

pool and the adjoining HAZ (Lucas et al., 2016).

The amount of thermal stresses introduced into the metal is determined by the change in the
volume of the weld on cooling to room temperature. A typical example could be seen from the
welding of carbon manganese (CMn) steel which shrinks on cooling down by 3%. This also
impacts on the volume of the HAZ which shrinks further by 7% as it approaches room
temperature. When the amount of stresses from the weld which is in form of thermal expansion
and contraction; surpasses the yield strength of the parent metal, deformation sets in within the
immediate environ of the weld zone, the HAZ (Lucas et al., 2016). This deformation can take
the form of longitudinal shrinkage, buckling, angular distortion, bowing and dishing, as well

as twisting.
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Figure 2.2 Schematic of Deformation in Weld (Soul & Hamdy, 2012)

When a structure is subjected to a weld process, its structure changes, subsequently altering its
dimensions (Kovacevic, 2012). If this occurs when all external thermal forces are absent, it is
referred to as welding induced distortions - an alternative distortion caused by the welding

process, (Masubuchi, 1980) as illustrated in Figures 2.2 and 2.3.

Figure 2.3 An experiment showing weld deformations. (a) and (b) show the side view of a deformed
12 mm clad weld not properly clamped into position. (c) and (d) show the same deformation, but with
a 2mm clad weld.
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Input heat and weld gives rise to deformation. It is possible to measure the heat input into the
system from the heat source. The stress in the longitudinal direction is generated by the
contraction in weld length. The stress in the transverse direction is caused by the contraction
of the weld width and the angular stress is generated from the geometry of having more weld
in the cap than in the roots and as a result, there is more concentration which gives rise to the
bending of the material (Leggart et al, 2008; Leggatt, 2008; Teng et al, 2001; Radaj, 2002,
Long et al, 2009; Changa & Teng, 2004; Colegrove et al, 2013; Rossiniab et al, 2012, Chang
& Lee, 2009; Nowegian, 2012).

The factors responsible for distortion in the welded sample shown in Figure 2.3 are as follows:
the technique of welding, design of joint, characteristics of the parent material, part fit-up and
quantity of restraint. The welding technique impacts directly on the quantity of heat inputted
into the system, thereby affecting the extent of distortion caused within the weld system. The
criteria for the selection of welding technique is dependent on suitability of weld purpose, and
the meeting of the required demands, as well as the delivery of quality. The welder is limited
in his control over the distortion. The design of the joint is an important factor in determining
the distortion in a weld system. Wide gaps such as fillet and butt joints allow for distortion. In
order to avoid or reduce this distortion, a different type of joint such as a double-sided fillet is
employed which brings the thermal stresses at equilibrium throughout the plate thickness

(Hicks, 1999; Lancaster, 1992; TWI, 2016).

Characteristics of the parent material, such as specific heat in a unit volume and coefficient of
thermal expansion also impact on the distortion of the weld system. The coefficient of thermal
expansion induces stresses and distortions into the weld system via repeated expansion and
contraction of the system during the course of the welding. Since the coefficient of thermal

expansion in stainless steel is higher than that of mild steel, it has a greater chance of
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undergoing more distortion. The greater the restraint the more the residual stress and likelihood

of cracks being introduced into the weld metal and HAZ.

Part fit-up is expected to be at same elevation, so as to minimise deformation to only
permissible limits. It is best practice to reduce the size of the weld gap as wide gaps will require
a greater quantity of weld metal to fill it, thereby increasing the extent of distortion. Light spot

welding of the joints in place or tacking of the weld joints is necessary to limit movement.

The level of restraint is an important factor to consider, because the more the restraint on
movement of the weld system, the less the residual stresses caused by distortion. The weld
components are held in place by whatever possible means (spot welding of surfaces and G
clamps etc.) to minimise displacements while welding and especially the distortion of the base

and clad metals while cooling, as observed in Figures 2.3 (a and b).

2.3.2 Weld Failure and Weld Imperfections

There are several weld defects such as porosity, cracking, inclusions, lack of penetration,
lamella tearing, lack of fusion and undercut. The most common weld imperfections are poor
weld bead, porosity and cracking. Each one poses a threat as it results in high stress intensity
which leads to abrupt failure after less load cycles than expected in the case of cyclic loading

or failure below the design load.

Porosity can be traced to the trapping of gasses in the microstructure of the filler area. The
HAZ material consists of several regions which experience thermal cycles with progressively
decreasing peak temperature from the fusion boundary. The Fusion Zone is created by heating
above the melting point. Porosity is fundamentally caused by the presence of absorbed

hydrogen in the weld pool which produces visible pores within the weld metal on cooling.
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Hydrogen is present in water vapour in the shielding gas (air) which absorbs moisture from the

surface contaminants of filler wires and parent metals as well as the surrounding area.

Figure 2.4 Failed weld 2mm clad

The consolidation of the weld metal and the parent metal via heating, results in diverse
distortion arrangements (Conrardy et al, 2006; Abid & Siddique, 2005; Dong et al, 2016;
Rammerstorfer et al, 1992; Ikeagu, 2007) as shown in Figures 2.3 and 2.4. Residual stress and
distortions in circumferentially welded thin-walled cylinders vary from the conventional
cylinder, in that the projected distortions radial deflection and axial shrinkage play very key
roles in the deformation of the welded pipe. When the welded pipe undergoes shrinkage in the
circumferential direction, this produces a bending moment M, a circumferential force F and a
shearing force Q to the cylinder (Ueda et al, 1986). The combination of these three forces
generates a stress state which is different from that of a welded plate (Vaidyanathan et al, 1973;
Xiangyang, 2002). The diameter of a pipe, welding sequence and procedure, thickness of the
pipe wall as well as the geometry of the weld collectively affect the residual stress orientation

within that pipe (Lee & Chang, 2008; Malik et al, 2008).
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2.3.3 Heat effect on mechanical properties and microstructure of welded joints

Since welding is a process that generates spontaneous heating and cooling within a component
by reason of molten heat and solidification the heat given off from the source creates thermal
cycles which in turn gives rise to the heat affected zone. The rate of cooling is a vital factor
which affects the evolutions in microstructures in the HAZ or FZ (Gianetto et al, 2012).
Thermal cycles possess certain traits such as high temperature, minute retention time at peak
temperature and quick heating and cooling successions which generates changes both in the
mechanical properties of the weld component such as strength, toughness and hardness; and
within the weld microstructures in the fusion zone and HAZ (Poorhaydari et al, 2006; Harrison
& Farrar, 1989). Slow rate of cooling is influenced by increase in the heat inputted into the
weld zone and likewise faster cooling rate is also determined by reduction of heat input. The
mechanical properties of the HAZ and FZ are influenced by the amount of heat inputted during
the weld (Ravi Shankar et al, 2009; Murti et al, 2009; Shi et al, 2004). The input heat is in turn
regulated by the input power (current and voltage) as well as the speed of welding and is

expressed by the equation 2.1:

current [A] x voltage [V] x efficiency [%]

Heat input [J/mm] = Egn (2.1)

welding speed (mm/s)

In Laser welding the heat inputted into the welding can be obtained from the expression in

equation 2.2:

Heat input []/mm] _ laser power [w] x efficiency [%] Eqn (2.2)

welding speed (mm/s)

Weld efficiency for laser welding is 80% (Benyounis et al, 2005; Fuerschbach, 1996) when
considering the heat lost via conduction and mean efficiency for consumable electrodes such
as GMAW is 80% (DuPont & Marder, 1995). The characteristics of the HAZ regulates and

controls that of the welded joints (Piccini and Svoboda, 2012; Bonner & Smith, 1996) and as
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such, a heterogenous microstructure in the HAZ determines the deteriorating mechanical
properties of the welded joint of high strength steels (Lan et al, 2012; Piccini & Svoboda, 2012);

but could these be the case in all weld microstructures?

The effect of heat input and welding speed on the microstructure, mechanical property and
quality of welded joints carried out by Viano et al using four wire — double tandem, submerged
arc welds in high strength steel (X 80) revealed the fact that as the heat input is increased, a
reduction in the rate of cooling is observed which gave rise to coarser acicular ferrite laths,
larger cellular dendritic cell spacing and reduced ferrite in the weld microstructure. Mohandas
and Madhusudhan (1997) examined the effect of chemical composition of high strength low

alloy steels.

2.3.4 Finite Element Analysis (FEA) of welding and welds

There are different Computer Aided Engineering (CAE) software systems used to carry out
simulation such as Ansys and Abaqus. In welding, Finite Element Analysis (FEA) is carried
out in two steps or phases. The first is the thermal analysis where thermal variations are
depicted by colour bands and the heat distribution is clearly observed, Figure 2.5. The geometry
of the structure is considered alongside the material selection which is key to the output
generated. The thermal conductivity, specific heat, latent heat, coefficient of expansion and
density are part of the material properties fed into the thermal analysis. There is also meshing

and the application of boundary conditions of convective and radiative heats.
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Figure 2.5 FEA Analysis of weld in pipelines (a) Exterior and (b) Interior view of weld (Hossain,
2018)

The second is stress analysis in which the output from the thermal analysis forms the input.
The thermal and mechanical loading in the process has a profound impact on the integrity of
the pipeline over its service life. An accurate and thorough assessment is needed on the
associated residual stress and its effect on the structural properties of the pipeline. 3D
simulations of stress in girth welded pipe sections have been carried out using Abaqus CAE
software in two steps, the first being thermal modelling with a moving hot spot and added mass
and the second being stress or mechanical analysis. The research presented in this thesis is
fundamentally on 3D finite element modelling of residual stresses in a stainless-steel clad girth
welded x65 Carbon steel pipes; in which the modelling procedures for universal residual stress
characteristics are clearly demonstrated. The different kinds of weld induced residual stress
fields which the weld joint undergoes are hoop and axial and the differing types of distortion
trends are radial and axial shrinkage. The 3D finite element model of the simulated gas tungsten

arc welding is captured to depict the residual stresses and deformation.
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2.4 Well Known Cases of Weld Failure

The relevance of this research can be appreciated in the weld failure scenarios discussed below.
The failure examination investigates the fundamentals and techniques used in structural pieces
and bodies, as well as test specimens via a physical examination through to microscopic
examinations such as SEM and EBSD and TEM. A great analysis is the product of the expertise
of the engineer, as well as the depth of knowledge in materials and metallurgy. The following
cases of weld failure occurred in 2011, 2015 and 2016 and were documented by Bernasovsky,

Wang and The Welding Institute (TWI) (Wang, 2016).

2.4.1 Gas Pipeline Failures

Background: The city of Slovakia is situated in a country which has the highest system of
pressurized gas transmission pipelines, traversing it with the oldest in service for well over
three decades. Four of these pipelines had 720 mm outer diameter and 7mm wall thickness; the
fifth being completed and was at the last stage of completion, did not need to be inspected as

frequently as the others (Bernasovsky, 2013).

2.4.1.1 The First International Gas Pipeline

The first case of Pipeline failure was the First International Gas Pipeline which was constructed
in 1965 and composed of L380n Russian Steel (with its reputable toughness and low ductility)
with Silicon alloy (which posed a threat to corrosion protection). A crack, 1.8m in length ran
along the spiral welded pipe with an Outer Diameter OD of 720mm and a thickness of 8mm,
caused by Liquid Metal Embrittlement (LME) of liquidized copper (incorporated from the

copper electric contact rods) embedded in spiral welds during the manufacturing process. The
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crack is shown in Figure 2.6 (a) whereas the spiral weld portrayed poorly aligned weld runs —

both linear and opposite as shown in Figure 2.6 (b) (Bernasovsky, 2013).

Crack initiated in welded joint

Figure 2.6 (a) and (b)Hydrogen Induced Crack along the misaligned spiral weld as a result of
liquidized copper embrittlement and Surface of Transcrystalline Cleavage fracture (Bernasovsky,
2013)

Table 2.1 Mechanical Properties and Chemical Constituents [%] of 15 G2S steel

C Mn Si P S Cr Ni Cu Ti
0.14 -0.15 1.37-1.45 1.07-1.08 0.014 0.029 0.06 0.05 0.08 0.032
Re [MPa] Rm [MPa] A5[%] | ChV FATT Upper shelf
(50 J.em?)
387 - 404 591 -612 22 -27 + 14°C 55j.c111’2

The mechanism responsible for the Cu-induced hot cracking in the weld is sourced from the
liquid-metal embrittlement of Cu contaminating the surfaces of the Fe- and Co-based FCC
(Face centred cubic) alloys. The quantity of Cu contaminant required to cause the cracking is
0.003 mil which is equivalent to 7.62 x 10°mm in thickness metal (Savage et al, 1978). This is
slightly less than the value given in Table 2.1 for Cu. The hot cracking in the weld which
occurred as seen in Figure 2.6 shows that little quantity of Cu or Cu-alloy were transferred to
the work surface near the weld form the weld rods. As the heat of the weld melts the Cu hot

cracking by liquid embrittlement results. The path of a liquid-metal embrittled crack is usually
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intergranular as observed from Figure 2.6 where the ductility and stress of the fracture is
sensitive to temperature, liquid composition, thermomechanical history, size of grain,
composition of solid, temperature and strain rate. Three criteria were met based on the
interaction with the solid-liquid metal couple which includes joint solubility between the solid
metal L380n Russian Steel and liquid with no formation of intermetallic compound and a
barrier to plastic flow in base metal which is inContact with the liquid metal (Savage et al,
1978). .

Lack of proper heating of the metal joint can result in a weak weld. Cracking is one common
defect that occurs in welded joints because of the stress build up that accumulates when a
heated-up material is rapidly cooled. Weld also fails due to longitudinal cracking by reason of
high shrinkage stresses particularly on the last passes. It can also be caused by hot cracking
mechanisms. Root cracks commence from the weld root and extend midway into the weld.
They are the most occurring longitudinal crack type due to the small. In order to avoid weld
failures, it is important to properly match the filler metal and base material strength. The
cladded metal strength needs to also be properly matched with the filler metal as is the case in
this research. There is the need for an overmatching scenario rather than undermatching

scenario in the welded joints of the dissimilar material clad.

2.4.1.2 Fourth Transmission line

In the report by Bernasovsky (Bernasovsky, 2013), this failure incident occurred during the
pipe laying of the fourth X-70 steel welded grade transmission line with an outer diameter (OD)
of 1420 mm and thickness of 18.6 mm; and not in-service. He further stated that a few of the
pipes cracked along the spiral welds as illustrated in Figure 2.7 (a) while the pipes were bent

on site, refer to Figure 2.7 (c). This was illustrated in the schematic diagram that cracks
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propagated up to 1m lie the same distance from the pipe end along the spiral weld as shown in
Figure 2.7 (e). (Bernasovsky, 2013) The crack was propagated along the heat affected zone
(HAZ) refer to Figure 2.7 (b) also termed ‘cold impressions’ of the weld region which indicates
that the steel rollers meant for reinforcing the furnace and shielding the pipe, were wrongly
fitted, refer to Figure 2.7 (b)

Typically, furnace pipes are heated to a temperature of 300 °C and insulated with polyethylene
(PE) insulation after which they are rotated spin on the rollers up to 70 revolutions. As a routine,
pipe inspections are carried out before installation of the furnace pipes. During a particular
workover — a pair of faulty rollers were taken out for repair, leaving the remaining pair to
support the pipe weight of 12 tons within a distance of 11.5 m. The increase in temperature
favoured the impressions as observed from Table 2.2. The impression was not detected because
inspections of all pipes were carried out prior to insulation. In order to unravel the cause of this
failure, ultrasonic inspections of all bent pipes constructed within that time period, were carried
out which revealed that the pipes in question were already distributed in the section up to 150
km long, and hence already buried under the soil. The relevance of huge weld reinforcement
angles and cold impressions were examined in the result of the particular impact test. There is
the effect of weld angle on fracture that was carried out along the weld direction with mean
fracture angle for specimens being 14°, 28° and 32° for the transverse weld and 45° and the
longitudinal welds. The two most common locations of the weld fractures were interface
between weld passes and at shear leg. Results shows that mean fracture angle of 14°, 23°, 27°
and 32° generates a mean fracture strain of 0.164, 0.202, 0.272 and 0.472 for steels such as
T20, T26 L1 and L2 (Deng et al, 2003). The weld stress being determined from the measured
fracture surface area and theoretical throat sourced from mean leg sizes of the welds. The
fracture angle shows that weld failed at the shear leg there-by providing significantly larger

surface compared to specimens that failed near the weld throat under combined shear and
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tension. These cannot be compared with the strength of the longitudinal welds which also failed
in the shear. The strength of transverse welds is similar to mean strength for longitudinal welds
which requires no toughness. Over here it is neither the filler metal nor toughness level that has
significant effect on the transverse fillet welds strength. The failure experienced at the shear
leg as compared with the weld throat is a function of the quantity of the weld face reinforcement
as additional weld face reinforcement can lower the fracture angle (Deng et al, 2003). Typical
Butt weld is 60° 1mm to 2mm root gap and a zero to 1.5 mm thick root face as seen from

section 2.6.1.

~ 11,5 m

Figure 2.7 (a) crack along Spiral weld; (b) fracture spiral weld wall (HAZ); (c) overlapping due to
impression of weld (d) poor workmanship revealing linear and opposite weld runs and (e) sketch of
fractured pipes (Bernasovsky, 2013)

Table 2.2 Impact energy (J) of HAZ of Spiral weld with natural notches and ISO-V notch
(Bernasovsky, 2013)

T[°C] ISO-V notch Natural notch
real impression artificial cold lap a=90° @ =55°
impresion
0 51.5 513 13 46 48 120
20 83 63 35 68 122 124
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2.4.2 Weld Joint of Carbon Steel pipe fitting and Stainless-Steel Panel of Tank

A 439 stainless steel oil tank was circumferentially welded to a pipe fitting made up of carbon
steel at the panel of the tank as shown in Figure 2.8 (a) (Wang, 2016). It was later heated
through high temperatures while in service, as a result, a through the thickness crack was
located on the circumferential weld joint which was Gas Tungsten Arc Welded (GTAW) with
a consumable 309L stainless steel rod and argon gas shield, refer to Figure 2.8 (b). According
to (Wang, 2016); the tint of the crack when examined revealed that it originated from the weld
joint of the seam tank and pipe fitting and secondly, that the thorough penetration of the weld
joint was not reached. Energy dispersive X-ray spectroscopy and SEM analysis carried out to
detect immediate chemical constituents of the fracture as shown in Tables 2.3 and 2.4 further
revealed a deposit of chromium oxide on the channel of the weld which signifies the presence
of plasma cut induced impurity prior to welding (poor weld hygiene), in addition to the high
percentage of oxygen found present in the weld. He further stated that the results of the
microstructural examination also showed duplex microstructure at the stainless-steel side of
the foot of the weld crack. Microstructural evaluation such as weld foot micrograph of austinite
and ferrite duplex microstructure (as seen in Figure 2.8 (a and b)) revealed a (Y + &) duplex
microstructure at the toe of the cracked weld at the stainless-steel panel side. The interesting
truth about this discovery is the fact that thermal expansion coefficients of ferrite and austenite
greatly induce stresses within the immediate weld environment. In summary, the investigator
concluded that the crack was initiated by the presence of chromium oxide which could have
been cleansed with light grinding; and secondly, the significant amount of residual stresses
generated within the austenite/ ferrite duplex further propagated secondary cracking. First of
all, comparing the chemical compositions of the stainless steel (SSP) and carbon steel pipe
(CSP) with in Table 2.3 with those of the local surface of fracture in Table 2.4; there is a very

conspicuous increase in Nickle, Oxygen Chromium, Carbon and slightly in manganese. Oxides
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in steel metal can initiate fracture which is the case in the failure scenario or improve toughness
by influencing the development of beneficial microstructures (Terashima & Bhadeshia, 2006).
According to He et al, 2018, the effect of oxygen in molten pool and keyhole can increase weld
penetration and supress porosity as well as reduce the weld width as well as improve the laser
energy (He et al, 2018). However, metal oxidation takes place when ionic chemical reaction
occurs on the surface of the metal in the presence of oxygen. Electrons are transferred from the
metal to the oxygen molecules and negative oxygen ions are generated which penetrates the
metal creating oxide surface. This occurs in the presence of air (atmospheric moisture) or when
the metal is exposed water or acids. Ni, Ca, Mn and N enhances austenite and Cr alongside Si,
Mo and niobium encourages formation of Ferrite. Although Cr and Ni enhance the strength
and hardness of the steel and Ni increases corrosion resistance, promoting elasticity whereas
Cr and Mo promotes corroding at high temperatures with the later improving the creep
resistance of steel at elevated temperatures; it is important to note that these elements were in
less quantity compared with oxygen. The quantity of oxygen in Table 2.4 which is more than
the constituent parent metals in Table 2.3 by 21, and likewise Ni by 2, Cr by 12 (for the CSP
value) and carbon by 9, clearly revealed that oxide played a significant role in determining the
fracture. Increase in carbon content increase hardness and strength of the steel thereby increase
hardenability however it decreases the weldability making the weld more brittle susceptible to
martensite formation.

Since cracking occurs in welded joints because of the stress build up that accumulates when a
heated-up material is rapidly cooled, the choice of the filler metal should be compatible with
the base and clad metal for strength and other properties (matching the tensile or yield strength
of the filler metal to the base metal) so as to obtain the required overmatching scenario. For
thorough penetration not being reached, it implies partial joint penetration (PJP) where under

matched strength of the filler metal to base metals was carried out. As a rule of the thumb,
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when welding a lower strength material to a higher one, ensure matching the filler metal to the
lower strength metal to allow for greater ductility and to prevent the risk of cracking.

It is also vital that grinding is not compromised when planning to weld components. In the
current research grinding is vital to the good contact and bond between the dissimilar materials
to be welded (the stainless-steel cladded metal and the carbon steel base metal) so as to ensure
strong weld and to eliminate the likelihood of weld crack or failure. Prior to that the surfaces
were cleaned with solvent to eradicate impurities. In order to avoid filler metals from picking
up debris oil, moisture or dust that could lead to contamination and consequently, weld failure,
it is important to follow proper storage procedures. Filler materials should be stored in their
original packaging until when needed and stored in dry condition with same temperature as
weld cell to prevent condensation which takes place when transiting from cold to warm
temperature thereby causing the filler metal to absorb moisture (which contains oxygen and or
hydrogen). The advantage of filler metal acclimating to the temperature protects it against
hydrogen pickup which could lead to cracking or weld failure. Welding hygiene entails wearing
hand gloves to protect it from moisture from the hands and covering open spools with plastic
bags (when not being used) prevents accumulation of contaminants from the air may lead to
poor weld quality and/ or failure. Because the presence of oxygen in weld leads to oxidation,
corrosion and eventuality weld failure, that is why arc welding employs inert gas such as helium
to create the arc shield, which is used to shield the molten weld and weld zone from impurities

within the environment — refer to section 2.5.1 on arc welding.
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Figure 2.8 (a) weld joint between carbon steel and stainless-steel tank panel and (b) weld foot
micrograph of austenite and ferrite duplex microstructure (Wang, 2016)

Table 2.3 Chemical compositions of carbon steel pipe (CSP) and stainless-steel panel (SSP) in
percentage weight (%) (Wang, 2016)

Material | C | Mn | Si P S Cr | Ni | Mo | V | Cu 0 N W Ti
C5p 0045 | 015 | 0016 | 0009 (0005 | O016 | - |OQOO2( - | OO0OS | 0006|0004 - | 0001
SSp | 0.010 [ 018 | 031 | 0.024 | 0001 | 176 | 0.27 | 0.028 | 0.05 | 0.16 | 0.003 | 0.011 | 0.04 | 0.15

Table 2.4 Local Chemical composition on surface of fracture in percentage weight (%) (Wang, 2016)

C

Mn

Si

Cr

Ni

0

P

Ca

3.12

0.38

0.25

12.18

2.26

31.82

0.21

0.24

2.4.3 Weld Cases Presented by The Welding Institute (TWI)

2.4.3.1 HAZ Liquation cracking

This is a failure analysis that occurred by short intergranular fractures (grain boundary crack)

situated within the high temperature zone of the Heat Affected Zone (HAZ) (Holmes, 2015).

These same cracks were initiated during a subsequent weld run in the previously deposited

metal weld as shown by Holmes (2015) in Figure 2.9. Grain boundaries were formed from the

liquid films at temperatures below the alloy melting temperatures. On solidifying, because this
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liquid is not able to withstand the tensile strain which sets in on contraction, cracks are
generated as shown in Figures 2.9 (c) (Holmes, 2015). The three conditions that were satisfied
as a result of the interaction with the solid-liquid metal couple includes joint solubility between
the solid metal and liquid with no formation of intermetallic compound and a barrier to plastic
flow in base metal which is in contact with the liquid metal (Savage et al, 1978). High strength
steels with high carbon content and or high alloys tends to susceptible to weld failures due to
cracking because they are less ductile and therefore tend to generate residual stresses along the
base metal and the finished weld while cooling. Lack of proper heating of the metal joint can
result in a weak weld. Pre heating such materials for recommended time and temperature in
accordance with the weld procedure is vital to enable adequate and uniform heat soak takes
place throughout the material. Where necessary post weld treatment (PWHT) should be
implemented. One of the key purposes of this research is to investigate the occurrence of
reheating which takes place at the top and bottom layers of the welded passes in the dissimilar
material joints while welding, it is therefore vital to note that pre heating the material prior to
welding prevents rapid cooling which helps in maintaining a more ductile internal grain

structure (pearlite) in the heat affected zone (HAZ) of the weld.

. ' 10 wm

o4 —— L. Y /4
Figure 2.9 Photomicrographs of HAZ liquefaction cracking in austenitic stainless steel clad with a
nickel alloy weld metal. The location of the liquation is depicted by arrows (Holmes, 2015)
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2.4.3.2 Duplex Stainless Steel

This is a case study of failure in stainless steel which entailed embrittlement via intermetallic
precipitation. The brittle failure occurred in the duplex stainless steel due to sigma phase
because of incorrect heat treatment of forging and tensile stress seen in the residual stress and
applied stress during hydrotest. The Dye penetrant reveals the crack located on the heat affected
zone of the weld metal, as shown in Figure 2.10 (a). As a result of the sigma phase which can
been seen from the result of the steel microstructure in Figure 2.10 (b) and 2.11 (b) and the
EDX spectrum analysis in Figure 2.11 (a) which reveals the composition of the phases present
in the weld metal, brittle fracture sets in. The results of the test analysis revealed that the causes
of failure are the duplex stainless steel, the sigma phase precipitation rich in Chromium and
Molybdenum as shown in Figure 2.11 (a), incorrect heat treatment of forging and tensile stress
seen in the residual stress and applied stress during hydrotest. For weld failure to occur in the
residual stress results, it shows that the stress exceeds the yield strength of the steel.

The residual stress is not supposed to exceed the yield strength of the material otherwise failure
set in. The yield strength is one of the most common material properties that the designer needs
for majority of the rules in the design code and for this research it is the R6 and BS 7910. It is
the magnitude of the stress at which the transition occurs representing the limit of the elastic
behaviour.

Super duplex stainless steel is one of the family of steel that is known for its excellent corrosion
resistance and high strength properties (Fellicia et al, 2017). This resistance of the super duplex
can be reduced by reason of precipitation of sigma phase which is formed at high temperatures.
Sigma phase is a non-magnetic intermetallic phase compound that is made majorly of
chromium which is consequently produced in austenitic and ferritic stainless steels when

exposed to a temperature of 560° — 980 °C (Hsieh & Wu, 2012). The sigma (os) phase
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precipitates readily at the o /y phase boundary which is rich in Cr. At the formation of high Cr
region, the depleted Cr forms causing a reduction in the corrosion resistance at same time. The
o/y interphase is also a high energy interphase sight which means that several defects
hibernates there and concentrate — it is beneficial site for the heterogenous nucleation of the o
phase. As the later phase nucleates at the o/y interphase boundary, some of the defects
disappear releasing free energy of the materials. This subsequently reduces the activation
energy barrier to forming a coherent interface. In the current research the selection of the filler
material and the clad and base metals were vital to enable proper matching and eliminate
incompatibilities where necessary especially those that arise from different materials (Hsieh &
Wu, 2012). Molybdenum (Mo) is known to enhance the resistance to pitting corrosion as an
alloying element in duplex stainless steel (DSSS), however, it also increases the precipitation
of the harmful phase such as sigma phase. The acceleration of the sigma phase by Mo is due to
the increase in the solvus of sigma phase because the sigma phase does not always grow rapidly

(Ogawa & Osuki, 2019).
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Figure 2.10 (a) Dye penetrant weld metal/HAZ crack and (b) Brittle fracture due to sigma phase
(Holmes, 2015)
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Figure 2.11 (a) Composition of Phases in EDX Spectrum and (b) Microstructure of Duplex Stainless
Steel (Holmes, 2015)

2.5 Existing traditional welding techniques for high strength steels

Large structures are assembled in components using joining techniques such as welding. The
more common welding technique for welding HSLA steels and assembling large and complex
structures include resistance spot welding (RSW), submerged arc welding (SAW), gas metal

arc welding (GMAW) and gas tungsten arc welding (GTAW).

The effect of thermal refining on mechanical properties of annealed SAE 4130 using the multi
pass GTAW was examined by Lee et al and it was discovered that the AW (annealing +
welding) and AWST (annealing + welding + solution + tempering) occurred with minimum

hardness value at grain growth heat affected zone (GGHAZ) due to coarse grain growth; the
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hardness occurred with sudden drops between the multilayer welding, although it was bigger
than the minimum value at HAZ. SAE 4130 alloy steel is heat treatable and high strength low

alloy (HSLA).

Mohandas and Reddy (Mohandas & Madhusudhan, 1997) compared continuous and pulse rate
current GTAW of AISI 4340 high strength steels whose heat input was ~ 1.3 kJ/mm for each
pass and welding speed was 0.15 m/min. Their examination brought to light the continuous
current welds which revealed columnar grain morphology, whereas pulse current welds
displayed equiaxed grain morphology. The grain size of the average fusion zone was smaller
in pulsed current welds and consequently displayed superior mechanical properties. ASTM A
106 Gr B steel tubes having a dimension of 101.6 mm OD and thickness of 6.6 mm was welded
together by Silva and Farias using GTAW technique with heat input of ~ 1.4 kJ/mm and a

welding speed of ~0.03m/mm.

A comprehensive study was undertaken on high cycle fatigue behaviours of butt weld joints in
2 mm thick advanced high steels having diverse levels of strength and bead geometries by
Ahiale and Oh using GMAW technique on dual-phase steels (DP440 and DP 590) and
martensitic steel (MS) possessing tensile strength of 440, 590 and 1500 MPa respectively
(Ahiale & Oh, 2014). The heat input employed was ~0.32 kJ/ and speed of welding was 0.6
m/min. The outcome revealed that the microstructures with the lowest hardness were located
at the base metal, the subcritical HAZ and fusion zone for DP440, DP590 and MS welded
specimens respectively. It was discovered that at the points of lowest hardness, fatigue failure
of specimens without weld beads reinforcements occurred and fatigue life exhibited in the order
of MS > DP590 > DP440 which is similar to the order of value of lowest hardness in each

welded specimen.
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Some of the benefits of submerged arc welding (SAW) include high rate of deposition, ease of
automation and operation (requiring less skills), minimum welding fumes, excellent weld joint
quality and extensive industrial usage for fabrication pressure vessels, pipelines, marine vessels

wind turbines and offshore structures (Kathleen, 1993; Shen et al, 2012; Almqvist, 1978).

Arc welding techniques are employed for joining high strength steels (Piccini & Svoboda,
2012; Murti et al, 1993) but due to their high heat inputs, which results in softening of the heat
affected zones, slow cooling rates of weldment and grain growth, the mechanical properties of
the high strength steels are depreciated (Zhang et al, 2012; Bayley & Mantei, 2009). It can
therefore be implied that the use of high strength steels in structural integrity minimizes the
usage of materials and component size as well as weight of structure without compromising
the integrity of the structure (Abedrabbo et al, 2009; Shi et al, 2008). The weldability, strength
and toughness of high strength steel have made it possible for its vast application in line pipes,
automotive industry, pressure vessels, offshore construction, lifting and handling as well as

shipbuilding (Yang et al, 2008; Zhao et al, 2002).

The versatility of laser welds in structural integrity applications is majorly due to the fact that
it is mechanized with the aid of robots, has significantly low distortion when compared with
arc welding techniques and the aspect ratio with narrow HAZ is high. Laser weld also has the
benefit of being operated with optical fibre delivery of its beam and can be carried out without
a filler metal which is the case with single pass autogenous laser welding (Li et al, 2014). The
later technique is prone to cracking, porosity, mis-tracking of weld seams and dropout of
molten material especially in thick and medium component sections (Bachmann et al, 2014).
It is also not compatible with tight joint fit up and functions with restricted laser power in

commercial applications (EImesalamy et al, 2013) hence not capital intensive. The solution to
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the above is to combine bot conventional arc welding techniques with laser welding in a process

known as hybrid laser welding which has several benefits.

The effect of welding speed on the weld bead, leading and trailing wire current on the weld
bead dimensions and mechanical properties in single pass two-wire tandem submerged welding
of 12 mm thick typical HSLA steel plate was carried out by Kirana and De (Kiran et al, 2012)
and it was observed that the yield strength, ultimate tensile strength and elongation were 497
MPa, 662 MPa and 27.9% respectively. Two-wire tandem submerged arc welding process
entails deposition from two electrode wires simultaneously, the leading wire being connected
to direct current (DC) power supply whereas the trailing wire to alternating current (AC) source
of power. The profile of the weld bead and mechanical properties of tandem submerged arc
welding were significantly affected by the leading and trailing wire current transients and the
speed of welding such that the leading wire current affected the weld bead penetration whereas
the trailing wire current pulses affected the width of the weld and height of reinforcement.

The impact of thermal cycles on the characteristics of the coarse-grained heat affected zone in
X80 HSLA steel plate was considered by (Monifera et al, 2011) using four wire tandem
submerged arc welding (TSAW) system to weld 17.5 mm thick X80 HSLA steel plate
(Monifera et al, 2011). The four-wire TSAW process with different heat input on ~ 3-4 kJ/mm
for each weld pass and welding speed was 1.7 m/min. Optical micrograph of weld cross section
for the selected sample was obtained and it was discovered that the martensitic/ austenite
constituent was revealed in the microstructure of the heat affected zone region for all the
specimens along the prior austenite grain boundaries and between the bainitic ferrite laths. The
fractional area of martensite/ austenite particles due to different rates of cooling was the major
contributing factor for increase in hardness values in the coarse-grained heat affected zone.

Multi-pass laser welding with filler wire is a feasible technique to weld medium and thick

section material using the limited laser power at hand. In addition, the introduction of a filler
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wire into the welding groove can improve the metallurgy and the properties of the weld. Joining
of thick plates is accomplished by using filler materials to fill the prior prepared welding groove
(Koo et al, 2004) Usually a “Vee” groove is prepared. However, the thicker the plate, the wider
the groove is, which results in lower productivity and more consumption materials. Over the
last few years, the multi-pass narrow gap laser welding technique has been demonstrated.
Multi-pass narrow gap laser welding technique can be applied to weld medium and thick
section materials with a filler wire using relatively moderate laser powers. This technique has
many advantages, including increase productivity, saving consumption filler materials,
releasing precise fit-up requirements, improving the metallurgical properties of the welds,
improving the melt sagging problem, and reducing residual stress and distortion (Fairchild et
al, 2004).

Elmesalamy et al. (Fairchild et al, 2004; EImesalamy et al, 2013) successfully welded 20 mm
thick 316L stainless steel plate to a 10 mm plate using a 1 KW IPG single mode fibre laser with
an ultra-narrow gap (1.5 mm gap width) and a taper of 6° groove angle from double sides using
multiple-pass narrow gap laser welding approach. Shi et al. Tata Steel has developed an
advanced low carbon, low alloy S960 steel with a minimum yield strength of 960 MPa. This
steel is a promising high strength steel for application in the heavy crane sectors due to its high
specific strength, good impact toughness and formability. Ruukki Metals (Pande & Imam,
2007) are also developing Optim 960 QC steel with strength of 960 MPa. The Optim 960 QC
strip steels are made by modern hot strip rolling and direct-quenching processes, which is
similar to the method employed by Tata Steel.

It can be found from the above reviews on the narrow gap laser welding technique, most of
these investigations are just focused on the welding technique and welding parameters
optimisations. Studies on the microstructure evolution and mechanical properties of the narrow

gap laser welded materials are scarce.
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So far, there is a knowledge gap in the trend of heat distribution within these welded joints of
dissimilar material studied. In this present work, a comparative study on the heat distribution
during the traditional gas metal arc welding (GMAW) was carried out on the CR4 and API S16

grade steel.

25.1 Girth Weld

Girth welding can be applied to a wide variety of manufacturing and maintenance solutions.
The equipment is portable and the cost as well as maintenance of the equipment is affordable
compared to some of the other welding processes. The cost of the welding gasses, supplies and
operator’s time depends on the materials being joined and size, shape and position in which the
weld must be made. The rate of heating and cooling is relatively low and favours some weld
cases, however, in situations where rapid heating is required, the oxyacetylene welding process
is not appropriate. The quantity of heat fed to the joint can be regulated by a skilful welder
which is advantageous; however, there is the need to separate the oxygen and nitrogen in the
atmosphere from reacting with the metal in order to prevent formation of harmful oxides and
nitrides. Girth welds are the type of joining process which entails welding two pipes along the
circumference during pipe fabrication subject to environmental factors and convenience. It
involves several passes in order to complete the welding procedure and seal the joint. The start
of the weld proper is the root weld which requires a definite speed and is the most challenging
part of the weld, followed by the hot pass that increases the thickness of the fill and then last
of all, the fill and cap pass used for finishing and covering the joint. Gas tungsten arc TIG is
the style of application, taking into consideration the strength of the welded pipe joint,
environments surrounding the pipe, the expertise of the welder, the pipe fabrication technique

and the pipe dimension, as well as diameter and wall thickness of the pipeline.
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2.5.1.1 Gas Metal Arc Weld (GMAW)

The gas metal arc welding makes use of an electric arc in between the metallic piece to be
welded and the weld rods, known as solid electrode wire, as shown in Figure 2.12 below. This
arc heats up the weld metal and base metal along with the rods thereby melting them altogether.
All these procedures are shielded from impurities in the environment with the aid of the shield
gas introduced into the system. The current conductor conveys power of regulated voltage
which powers up the whole process by channelling the solid electrode wire to the accurate
position per time. The metallic pool can be transferred via spray, globular, pulsed spray or short
circuiting as required. The welding gun has a Gas nozzle, current conducting cable, a wire
guide and contact tube made of copper. The wire guide ensured that the electrode is kept on

course.
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Figure 2.12 A schematic diagram of a typical Gas Metal Arc Weld (MWC, 2016)

2.5.1.2 Gas Tungsten Arc Weld (GTAW)

The tungsten Inert Gas (TIG) weld is the specific Gas Tungsten Arc Welding which uses a
tungsten electrode to generate the weld. (Minnick William, 1992) It is similar to the MIG
(Metal Inert Gas) in the sense that an arc is used to shield the molten weld and weld zone from

impurities within the environment. An inert gas such as helium is used to create the arc shield.
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The current carrying conductor generates enough power to the system which together with the
filler metal, base and weld metals produces the molten weldment. This power is transmitted
through the arc in the form of a charged cloud. Unlike GMAW, GTAW is used to produce
stronger welds with greater integrity; as a result, it can be manoeuvred solely by the welder. It
has the following advantages: It enhances the speed of welding, it is affordable and readily
available at little or no cost, it can be carried out within limited space, it is used for different
purposes and also makes it convenient to use with a broad range of electrodes. It also has
flexible welding styles which makes the welding of any geometric position feasible. Also, it is
straightforward and does not involve complexity in the welding process, it can be remotely
monitored and sustained, the resultant weld is of significant integrity and improved finishing
and this is specifically suited for sensitive or particular demands workpiece and weld sections

that are not too bulky.

2.5.2 Limitations in Girth Welding

In considering the assessment of stress below the specified minimum yield strength of the pipe,
as applied in BS 7910, the assessment procedure permits evaluation of flaw in relation to failure
prevention by fracture and plastic collapse while embracing the fatigue crack growth and stable
crack extension via ductile crack growth known as tearing. The technique includes the effects
of welding residual stresses in assessment of fracture and because the specific profile
distribution of residual stresses via the wall thickness of the pipe is not known, the technique
presumes that a uniform residual stress equal to the value of the yield strength exists transverse
the to the weld. It further presumes an overmatching scenario of the parent pipe yield strength
whenever the weld metal strength over matches that of the parent pipe. This presumption of
yield stress is questioned by some as conservative, which is the case and intention,

notwithstanding the technique permits the relaxation of the residual stress pending the stress
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applied and size of flaw to a minimal value (Hadley, 2013; Andrews et al, 2014; Wang and
Liu, 2004; Wiesner at al, 2000; Withers, 2007; BSI, 2013; BSI, 2015; British Energy, 2014;
Budden and Sharples, 2015; Budden and Sharples, 2017; Frost, 2009; Feng et al, 2019; Milne
et al, 1988; Sharples et al, 2003; Zhang et al, 2012). The technique allows the inclusion of the
precise value of the residual stress distribution when evaluated and guidance are made available
to evaluate a conservative distribution once the conditions for welding are determined. The
presence of residual stresses aggravates the driving force for fracture; hence it cannot be
overlooked and future revisions of BS7910 will be explored for a comprehensive guidance on

girth welds (TWI, 2011).

The misalignment of girth welding known as ‘hi-lo’ is another feature addressed by BS 7910
and it is regarded as bending stress derived from stress concentration factors equations.
Misalignment increases the driving force derived from FEA undertaken at TWI. Increasing
misalignment from 0 to 3 mm implies that the CTOD condition is doubled at applied strains
close to yield (0.5% strain), hence the gap increases for larger strain values. Bending stresses
are regarded and evaluated as primary stresses because it is not stated clearly in the BS 7910
how misalignment should be assessed, which consequently implies that the bending stress
imparts on both axes of fracture (Kr) and plastic collapse (Lr) in the failure analysis diagram
(FAD), which is also a conservative technique. Based on current research carried out at TWI,
for materials induced with gentle slope stress strain curve with applied strains below the yield,
misalignment can be considered and assessed as secondary stress — which implies that it
considers only fracture axis (Kr) not plastic collapse (Lr axis of the FAD) hence it is regarded
as a local stress concentration. Misalignment becomes relevant to both primary and secondary
stress when the value of the strains is above yield strain. This criterion also applies to weld
components samples having discontinuity in yield known as Liiders plateau where the applied

strain is below 3% and regarded as secondary for misalignment criteria.
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2.6 Weld Joints

There are five basic types of joints used in arc welding namely Tee Joints, Lap joints, Butt
joints, Edge joints and Corner joints are shown in Figure 2:13. The T-joint is used to join parts
of an angle to each other and are either made with single, double or groove fillet weld
combination. Corner joints although similar to T joints because they are made of sheets and
plates in component parts, they are used in groove welds and fillet welds. They are better used
for heavier metals to avoid buckling in thin metals. Edge joints are used for welding adjacent
and parallel-placed edges of plates or sheets. Lap joint is single fillet, plug slot, double fillet or
spot welded. Bridging fillet weld need to be utilized where component parts are not in close
contact to each other. For cylindrical parts, interface fit eliminates this problem. The type of
weld used for the experimental work at the Laboratory in Brunel University London is the Girth
weld using the Butt Joint. Butt joint is required for high strength and can withstand stress better
when compared with other weld joint types. For pipes, butt joint is preferred to lap joint

because the lap joints would lead to contours on the pipes (Hicks, 1999).
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Figure 2.13 Types of Weld Joints (Hassan, 2010)

2.6.1 Butt Weld

Butt welding is a technique used in joining two parts that do not overlap, and that are parallel
to each other. In this joint, the weld metal is contained within the planes of the surfaces being
joined and the weld throat are either full section thickness, full penetration joint or a partial
penetration joint (TWI, 2019). There are different types of Butt weld such a square, V U, J, as
shown in Figure 2.14 (Advance Steel Forum, 2016). Welds are either single sided or double
sided. It is very economical both in terms of cost and usage of additional constituents (TWI,
2019). Two ends of the weld metals are heated up (prior to joining) under certain pressure and
the welding is sustained continuously in contrast to restarting each time with fresh sets of metal
(Groover, 2010). The choice of bevel angles and root gaps depend largely on procedures used
to fabricate joint and thickness of materials (TWI, 2019). Root opening, the separation between

components to be welded enhances accessibility of the electrodes to the base or root of the
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joint. The smaller the angle of bevel, the harder to obtain the root fusion hence necessitating
the use of smaller electrodes thereby prolonging weld time. Large root opening requires more
weld metal consumption and increases welding cost and distortion (ASME, 1910). Narrow
bevel angle is economical but difficulty in access risks welding defects. Wide gap on the other
hand results in loss of control of weld pool and melt generating irregular and excessive

penetration bead, however back strip could be used to overcome this (TWI, 2019).

L ¢
Single Square Groove Single Bevel Groove Double Bevel Groove
"4 K ¢
Single-V Groove Double-V Groove Single-J Groove
R N\ P
Double-J-Groove Single-U Groove Double-U Groove
=
\ — [ r—
Flare Bevel Groove Flare-V Groove Flanaed Butt Joint

Figure 2.14 The different types of Butt Joints (Advance Steel Forum, 2016)

To weld full plate thickness and obtain weld throat thickness, cut away enough metal along
weld joint using either flame or plasma cutting or machining. Reduction in weld volume is
achieved using the J preparation unlike straight chamfer of the V preparation. Typical Butt

weld is 60° 1mm to 2mm root gap and a zero to 1.5 mm thick root face (TWI, 2019).
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Figure 2.15 Reinforcement on Butt Weld (ASME, 1910)

Nominal reinforcement of the weld is vital as shown in the Figure 2.15 in which there is the
back bead known as seal bead, first layer, second layer and weld face. There is also the weld
reinforcement, primary heat zone, secondary heat zone, primary fusion zone, secondary fusion
zone, penetration zone and penetration of fusion line. The width and height of the weld must
be adhered to and be kept to the minimum since increase in reinforcement becomes an
additional cost. Double groove joint is preferred to single groove joint since it reduces the
quantity of welding in half, hence reducing distortion and enables alternating weld passes
which further help reduce distortions. In design and fabrication of pressure vessels and
pipelines, the safety of the public is considered in order to minimise the danger of catastrophic
and permanent failure. Codes and specifications are written by Government, professional
organisations, companies and trades regarding applications on type of material, size,
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fabrication, inspection and testing, heat treatment and service limitations requirements. They
further detail the expectations for specification for operators and welding procedures. Among
the major national organizations involved in writing codes regarding arc welding are American
Society of Mechanical Engineers (ASME), American Welding Institute (AWS) and American

Petroleum Institute (API) to mention but a few (ASME, 1910).

2.7 Experimental Studies in Welding - Circumferential and Plates

Weld tests include both destructive and non-destructive tests. The latter is carried out in the
laboratory and workshop because of its non-destructive effects on the sample and subsequently
the samples can be reused several times. The types of tests that can be carried out in the
workshop include tensile, bending, impact, fatigue, cracking and hardness tests. Laboratory
tests are the test types that can be carried out with the aid of specialized and advanced
microscope investigations and include chemical, microscopic (such as optical microscope,

SEM, XRD, EBSD and EDAX), corrosive and macroscopic examinations.

2.7.1 Mechanical Testing

2.7.1.1 Tensile Tests

Tensile tests are carried out chiefly to obtain materials for engineering duties and functions.
The tensile behaviour of a material being loaded under other types of loading - apart from
uniaxial, can be predicted from tensile response. These tensile qualities are built into material
design in order to meet the required standard. Tensile characteristics are regularly obtained at
developmental stage of each new material and procedures in order for comparison of different

materials and procedures.
62



The main focus here is the strength of a material, which could be determined as stress required
to generate a plastic deformation or the overall quantity of stress the material can bear. These
stress forms are expressed as safety factors in design engineering. Another key factor is
ductility, the degree extent to which materials deforms prior to fracturing. More often than not
ductility is included in specification of material than design inn order to maintain toughness
and integrity. When the resistance to fracture under other forms of loading is low, it clearly
reveals that the ductility level in a tensile test is low. Elasticity is another significant
characteristic; however, measurements were carried out using unique methods. More

information on tensile tests can be found in chapter 3, under sub-section 3.4.2.

Tensile testing in Plate Welds

The Material to be tested is machined with the edges rounded of in order to avoid cracking. In
order to appreciate the elongation, either an extensometer is affixed the Instron machine or
punch marks made into the specimen. It is possible to have rolled steel plate that exhibits
varying tensile characteristics in the transverse direction, through-the-thickness and vertical
path. For tensile specimens less ductile in nature, a vertical cut is preferred as shown in Figure
2.16, especially to reveal the tensile property of the HAZ. For specimens - brittle in nature, the
HAZ cracks and does not propagate into the parent metal. It also does not stretch into parent
metals. The specimens require high temperatures for undertaking the tensile tests because
strength of a metal rises with fall in temperature. Standards include PD 5500 and 1SO 15614-

1.
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Figure 2.16 Tensile Test Specimen from single layer welded plates Reinforcement (TWI, 2004)

Tensile Testing in Pipe Welds

Tensile tests are applied to pipes considering extensive segments of the whole pipe diameter
using mandrels which were positioned into the finishes of the pipes in order to hold the pipe
sample in place within the test machine. Alternatively, the ends of the pipes could be flattened
as shown in Figure 2.17. If the pipe thickness is required, then the specimen is pipe diameter
or cylinder. If only the length of the complete pipe is required for the test, the specimen is

designed so as to exclude the diameter of the pipe.

The most important rule of thumb is to note that the axis of the test specimen is cut such that it
is situated halfway the thickness of the pipe. Broader diameters of pipe, cylindrical samples at
right angle to axis can be used, similarly flat samples (Krishna, 2014). Punch marks drawn on

the specimen to reveal the elongation caused in the specimen.

64



Machined off to provide
flat specimen_
)N
"j d | »

Figure 2.17 Flat Tensile Specimen cut out from Tube (TWI, 2004)

2.7.1.2 Hardness Tests

Hardness test depicts the capability of the metal to resist wear and abrasion and resistance to
indentation. Four different hardness type tests are Scleroscope, Rockwell, Brinell and Vickers

diamond pyramid.

Vickers Hardness Test is carried out to reveal the hardness of the weld profile refereeing to
Heat Affected Zone and Fusion Zone and well as to reveal the hardness profile of the parent

metal. Details about this test are discussed in chapter three — subsection 3.4.3 Hardness tests.

2.7.1.3 Charpy Impact Test

With the insert of a v-notch as shown in Figure 2.18 and temperature differences, the Charpy

determines the toughness and shock loading of the material. More information on Charpy test
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is presented in subsection 3.4.5 under chapter 3. It invariably determines the amount of energy

expected to split a sample with a v-notch of 2 mm at an angle of 45 degrees or a U-notch

NOTCH
«¢— DIRECTION OF MOVEMENT

S <

TUPP OR STRIKER

Figure 2.18 Charpy Sample (TWI, 2004)

2.7.2 Laboratory Testing of Welds

Laboratory tests include chemical, microscopic, corrosive and macroscopic examinations.
While welding it is typical for defects to take place which could alter the toughness or feature
of the plate. Some other defects are as a result of the welder’s skill. Etching is needed to reveal
interesting and relevant structures within the microstructures of welded specimens. Nitric acid
is one of the most widely used etchant and 1 to 2 % of nitric acid is diluted in distilled water or

alcohol whereas Aluminium solution is used by diluting 10 to 12% of caustic soda in water.
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2.7.2.1 XRD

X-Ray Diffraction is a special process of identifying the degree of structural order of a material.
This is crucial because in every atom, there is a unique order of array of the crystals that make
up that atom or material and this crystallinity directly affects the density, diffusion hardness or
transparency of that material or metal. Since each metal has a peculiar signature, XRD finds

relevance in the following:

1. Quantifying the crystallinity of a material or metal
2. Uniqueness of the polymorphic types that there are.
3. Categorising the crystalline from the amorphous crystal types

4. Verifying the crystalline nature of the material.

The characteristics of a crystalline nature are: Accuracy in its solubility, Intrinsic Dissolution
Rate (IDR) and melting point. The dissolution rate alongside the IDR determines the rate of
release of crystal into solution, which is known as the rate of dissolution. This is key with
respect to the weld zone and heat affected zone in vivo since it can determine the sizes at which
the particles sets, evaluation of solubility and form the basis of comparison for the different
HAZ and weld zones formed using different weld parameters, standards and conditions.

(Analytical, 2016)

The diffractogram displays the diffraction angle as it varies in proportion to the intensity as
shown in the figure below. When the material displayed is positive, it means there is coherence
in the angle of diffraction of the sample being analysed and a reference material, displayed in

the diffractogram.
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Principle of Measurement

The fundamentals and phenomena of XRD is essentially the intrusion and combination of X-
rays in such a manner as to reinforce the displacement of the radiation of equal wavelength in
a crystalline sample. The source of the x-rays is a cathode ray tube which selectively releases
monochromatic waves of high intensity, focused with the aid of a collimator, at the sample.
When Bragg’s Law is satisfied, the rays are incident on the weld sample; a diffracted ray
emerges, and the superimposed interference is generated. Braggs Law is expressed as:

nA = 2dsinf Eqgn (2.3)

Where: A is wavelength of electromagnetic radiation

0 is the diffraction angle

d is lattice spacing in a crystalline sample

n is an integer
X-ray diffraction has a pattern produces a ‘signature’ of crystals situated in sample which
enables the element of interest to be distinguished when the matched with regular reference

measurements and distribution trend. More information is presented in section 3.9.

2.7.2.2 SEM

X-rays are generated when fast moving electron strike their target. When the primary beam
interacts with the atoms inside the sample resulting in shell transitions, it gives rise to emission
of x-rays similar in energy as with parent element. Depicting and detecting the energy
generated analysis of the element, is a detection technique that measures the elemental
quantitative analysis at a depth of 1-2 microns in every sample. The emitted x-rays also display

the distribution of elements present in a sample in form of line profiles or maps.
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The secondary electrons are electrons emitted from the top surface atoms yielding meaningful
results and imageries in return. The nature of the surface distribution of a sample informs the
image contrast. This means that a tiny width of the primary electron beam can generate high

quality images.

The backscattered electrons are electrons reflected from atoms within the solid (not surface as
in secondary electron). The atomic number of elements within the sample informs the quality
of imagery produced which reveals the spectrum of the varying chemical phases in the sample.
The quality of images generated from the procedure and is low because the electrons are

radiated from within the sample at a depth. More information presented in section 3.7.

2.7.2.3 EBSD

EBSD is the characterisation of crystals on a microstructural level. The material phase and the
array of the crystals are taken into consideration, as well as the structure of the test specimen.
(Electron Backscatter Diffraction, 2016) The atomic layers in the crystalline test specimen
diffract the excited electrons in the primary beam of the scanning electron microscope. (Swap,
Electron Backscatter Diffraction (EBSD)) A phosphor screen (inside the sample chamber of
SEM, positioned at right angle to the pole piece) radiates clear lines called EBSP (electron
backscatter patterns) or Kikuchi bands when the diffracted electrons fall on them. (Swap,
Electron Backscatter Diffraction (EBSD)) The individual bands can be indexed using the
Miller indices of the parent-diffracting plane. These lines are an extension of the array of the
lattice planes therefore, they transmit the details of the crystalline arrangement grain alignment

of particular phases via software (Team). Essentially 3 planes or bands intercept are sufficient
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to provide distinct information to the crystal in the lattice. The study is practically determining
the positioning of atoms within solids is termed as crystallography. More information in section

3.8.

2.7.2.4 EDAX

Energy Dispersive X-ray spectroscopy often referred to as EDX or EDS or even XEDS is a
method for chemical representation or fundamental investigation of the elements within a
material specimen. Every element has a specific array of atoms within its configuration; this
informs the manner of display of the peak energy distributions on interaction with x-ray. A
beam of x-rays of maximal energy is directed at the specimen, this excites certain type of x-ray
distributions. An unexcited electron is one at the ground state. When an atom is bound to the
nucleus in defined energy levels, it is said to be at rest. This further means that when x-rays are
directed at the atom within a sample, it transfers energy to the electron in the inner nucleus of
the atom and mobilizes it, thus leaving behind holes, which are filled up by electron from a
higher energy level. The difference in energy levels of the atoms is radiated as x-rays. The
instrument used to measure the quantity of x-ray released in this radiation is the energy
dispersive spectrometer. Of significance is the fact the EDS measures the elemental
configuration of the sample understudied using the principle that the energies of the x-rays are
a direct measure of the variation in energy between the two shells and atomic structure of the

element radiating it. Further information is provided in chapter 3 section 3.10.
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2.8 Measurements of Residual Stresses

Residual stresses are stresses that are left in a body when all external forces are removed
(Withers & HKDHB, 2001). This implies that forces residing in a body at equilibrium with its
surroundings or kept stationary. Sources of residual stresses in any material include heat
treatment joining technologies such as welding, abrasion, machining forming (Kartal et al,
2008). The combination of residual stresses and service stresses has led to adverse effects such
as shortening of component life and failure (Radaj, 1992). Tensile residual stress in the surfaces
of components and structures reduces fatigue life and strength, increasing crack propagation
and thereby reducing the resistance to environmentally assisted cracking (Hornbach & Prevéy,
2002; Murugan et al, 2001). On the other hand, compressive residual stress in the surface of a
component retards the formation and growth of cracks subjected to cyclic loading thereby
enhancing fatigue life of a structure (Kartal et al, 2008). Welding initiates localised rapid
heating and cooling cycles within the components and structure which produces regions of
thermal cycles with the weld region and also fusion zones in the weld (Murugan et al, 2001).
An inhomogeneous expansion and contraction in the weldment is generated by reason of the
non-uniform heating and cooling cycles within the material component such that upon
solidification, the welded region applies a pull on the surrounding region and which holds back
via constraints thus inducing misfit strains in the regions of the weld (Francis et al, 2007).
Depending on the degree of strains applied, it can either be sustained elastically or localised
plastic deformation set in generating residual stresses within the structure (Elmesalamy &
Francis, 2014). Usually, the misfit strains are usually close to the yield tensile strains of the
material at room temperature especially in the welding direction (Francis et al, 2009).

This implies that within the welded joints and vicinity, there exist substantial tensile stresses
when the component has attained thermal equilibrium (Radaj, 1992; Francis et al, 2007). The

regular residual stresses exist within the welded zone and HAZ; however, the compressive are
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induced in conditions where solid state phase transformation occurs during welding, volumetric
expansion as a product of solid-state transformation generates compression stresses (Francis et
al, 2007).

The understanding of residual stress is crucial because it not only exists in structures and
complicated in nature but enables the prediction of the strength of any engineering structure or
component (Withers, 2001). It is therefore vital to employ reliable techniques to in carrying
out the measurement of these residual stresses and thorough interpretation of the data or trend
of distribution generated (Pagliaro et al, 2009). There are two major ways of measuring the
residual stress — Non-destructive and destructive methods (Lu, 1996). The destructive methods
are primarily based on the principle of strain measurement in a material that have either been
removed or sectioned such as contour method, hole drilling and layer removal. Non-destructive
techniques are based on altering the physical characteristic of the component such as lattice
spacing or magnetic properties by reason of residual stresses examples are neutron diffraction

and x-ray diffraction methods (Withers & Bhadeshia, 2001).

2.8.1 Contour method

This technique is used in measuring residual stresses in two-dimensional stress profiles with
the aid of displacement maps and it consumes less simulation time, computing cost and is
destructive in approach (Mahmoudi et al, 2009). It does not require advanced tool for
measurement and the stress-free lattice parameter, and it is independent of the weld
microstructure (Prime, 2010). The drawback of this technique is that it does not measure
effectively the residual stresses in the near-surface region of the weld joint or structure and

when the yield strength of the material equals the measured stress of the component, it is

72



subjected to errors in the plasticity induced stress measurements (Traore et al, 2011). As a
result, it obtains reading (of 2D stress profiles) in only one stress direction (Prime, 2001).
This technique of residual stress measurement is based on the Beukner’s elastic principle of
superposition (Bueckner, 1958) which measures residual stresses perpendicular to the
reference plane. In sectioning the parts of a component for evaluation of residual stress, first
there is the part of the component preserved with the residual stresses, which is further split in
two on the x=0 plane such that it undergoes deformation as the residual stresses are released.
Next is the surface contour from the half piece of component retaining the partially relaxed
stresses and finally the evaluation of the stress-free body analytically by displacing the cut
surface to its original flat shape. The original residual stress contained in the component can
be calculated by superimposing the partially relaxed stress state with the change in stress at the
final state for an elastic medium and this can be expressed as follows:

0!y = 0%y + 0k y.2) Eqn (2.4)

a4 is the original stress, aPis the remaining stress and ¢ evaluates the changes the stress
undergoes in terms of relaxation from sectioning and is therefore referred to as the change
stress, whereas a is the overall stress tensor. Contour technique entails cutting the specimen

evaluation the stress profile, smoothening of the data and FE Analysis (Prime, 2001).

2.8.2 Deep hole drilling methods

This technique is very effective for measuring residual stresses in very thick sections
components and structures and it is semi destructive in nature and measures stress in one-
dimension map (Hosseinzadeh et al, 2011). It measures residual stresses through-the-thickness
by evaluating the strain via stress relief in a small material (Mahmoudi et al, 2009) and this can

be carried out in four ways.
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Step one involves placing two reference bushes on both front and back surfaces of the materials
to generate references void of stress and prevent drill bell-mouthing. Next, a tiny reference hole
is drilled into the component and diameter determined from different angular location and at
along the axis of the hole at similar intervals. Thirdly, some part of the component is trepanned
coaxial to reference hole thereby releasing the residual stresses. Fourth step involves evaluating
the diameter of the already measuring the hole at similar angular locations and intervals as
previous. The difference in the diameter of the reference hole gives the distortion of the hole
in the radial direction. The principle behind the trepanned holes can be compared to those of
plates positioned separately each with a tiny hole that is brought under to constant uniaxial
stresses (in same direction). There is usually change in the diameter Ad(6, z)of a tiny hole
placed in an elastic plate when the plate is subjected to an isolated and constant stress fields

(0xx, 0y and ) and is dependent on angle 6 roundabout the hole and via the plate thickness

z. The perpendicular distortion in the radial direction denoted by Uy, round about the hole is
proportional to the residual stresses in the plane of the component, and expressed as follows

(Smith et al, 2000):

Urr (0) = AZ?—;)") =2 [(1+2c0526) + 0y, (1-2c0520) + 0y (4sin26)]  Eqn (2.5)

The local stresses can be determined where there is no hole present by determining the
difference in the diameter of the reference hole before and after trepanning using the following
expression.

Ad(6) =d'(0) —d(6) Eqn (2.6)
The d'(0) and d(0) are the reference hole diameter after and prior to trepanning. For every
depth z along the axis of the hole, these readings are taken repeatedly at m different angles
from the reference hole such that there is a linear distortion in the stresses within the plane

normal to the reference hole axis, expressed as:
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Uy (6) = Eqn (2.7)
The above holds true if the stress in out of plane direction is zero which implies that the normal
radial distortion at a location along the reference hole is given as:

Uyy (6) = Mypo Eqn (2.8)
E is the young’s modulus whereas M, is the matrix of angular functions. For m angles of

readings taken, the pseudo inverse matrix of the least of squares line of best fit for the diametral

strain can be expressed as (Smith & Bonner, 1994):

6 = EM*,pUxy Eqn (2.9)
And
M*3p = (M"3p Mayp) ~I1MT5p Eqn (2.10)

Where @ is the optimum stress vector that best fits the diametral distortions, M*,, is the pseudo

inverse of matrix M,y and M7, is the matrix transposed (Hosseinzadeh, 2009).

2.8.3 Diffraction method

Both X-ray and Neutron diffraction are techniques employed in the measurement of residual
stresses in a non-destructive approach by penetrating multi-crystalline ceramics and metals at
varying beam levels to the order of tens of microns (James et al, 1999). For atomic spacing in
some engineering components applications, the wavelength of neutrons penetrates as far as
centimetres unlike those of x-rays methods (Withers & Bhadeshia, 2001). Unlike X-ray
diffraction technique which measure the residual stresses on the surface, Neutron diffraction
techniques measures residual stresses deep within welded structures and joints although there
are some limitations by reason of spatial variations in the lattice of the reference structure which
involves chemical changes or microstructural gradients and textures of the weld zone and

surrounding (Krawitz & Winholtz, 1994). It is observed that such structures and welded joints
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are too thick for effective measurements of the residual stresses using neutron diffraction
technique which require the measurement of stress-free lattice parameter do, unlike the contour

technique.

2.8.3.1 Neutron Diffraction method

This technique depends on elastic deformations inside a multi-crystalline component or
structure which alters the spacing of lattice planes from their stress-free state. The detector
moves round the sample identifying the locations of diffracted beams with high intensity. They
are able of measuring bulk penetration depths of 100 mm for (aluminium), 0.2mm near surface
depths and can also generate three-dimensional strain amps with high spatial resolution via
rotational and translational motion of their accessories. The two approaches for neutron
diffraction techniques — time of flight and conventional 6/26 since neutron beams are either
pulsed from a spallation source or continuous from a reactor source. The continuous beams
utilize the 6/26 scanning in which phase changes Afin a single 'hkl’ diffraction peak are

regulated by the relationship:

e=S=Coth AOAD Eqn (2.11)

Where 6 is Bragg scattering angle and A8 is difference in the Bragg scattering angle

The pulse beam utilizes the time-of-flight approach which entails a variable incident
wavelength A and constant Bragg angle of the order of 26 = 90° due to large range of energies
contained in each pulse of neutrons exiting the target, the very energetic arriving prior to the
slower neutrons. It is possible to calculate the wavelength and energy of each neutron from the
time of flight that is the time duration from the release of the neutron and the strain can be
expressed as:

£= — Eqgn (2.12)
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Where t is the time of flight
Detectors with higher resolution measures longer flight path compared with other detectors
because the resolution of the strain is a function of accuracy of the measurement of time of

flight which is greater than a hundred meters (Withers & HKDHB, 2001).

2.8.3.2 X-ray diffraction method

This technique measures the strains inherent in the atomic planes using the Bragg’s law which
expresses the criteria for diffraction as (Fitzpatrick et al, 2005):

nl = 2dsinf Eqgn (2.13)

Where d is the interplanar spacing, A is the wavelength of the incident x-rays, n is the order of
reflection represented by n=1, 2, 3 ... and 6 is angle between the incident beam and reflected
beam. The interplanar spacing d can be calculated when 6 and wavelength A are known.
Residual stress measurements are carried out when the monochromatic beam incident on the
atomic planes and the reflected beam from the atomic planes are displayed, the inherent
residual stresses within the weld sample (or component) provokes a shift in the interplanar
spacing so that x-ray diffraction peak changes giving rise to the quantity of residual stress

measured.
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Figure 2.19 X-ray diffraction measurement technique for Residual Stress using Axial System

In Figure 2.19, Ly, L2 and L3 are the frame of reference given in the lab in line with the line
detectors, whereas P1, P2 and Ps are the three perpendicular directions to the sample being
examined. Angles ¢ and in some cases @ are the relationship between Pi and Li axes where ¢
is the angle between the measured strain direction Lz and the normal to the surface Ps. This
strain along Lz is obtained from the equation if d@¢ is the interplanar spacing from the

diffraction peak for a given ‘h k I’ plane, in direction of angles @ and ¢.

_ d@ —d@ =
(€33) g = —& 2= Eqn (2.14)

Where @ is the angle between one of the principal stress axes P1 and the projection of the
measured strain direction Lz to the surface of the sample and d@¢ = 0 is the value of the stress-
free interplanar spacing. The Sin?¢ approach underpins the measurement of residual stresses
in X-ray diffraction technique as shown in Figure 2.19 where diffraction methods are carried
out at some tilt angles ¢.

For two tilt measurements at angles 0° and the residual stress at the surface can be derived from

the following:

E 1 dq)(p - dq)(pzo
1-v Sin¢@ dgp=0

Opp = Egn (2.15)
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The term E/ (1 - v) is constant with v as Poisson’s ratio and E Young’s modulus. The curve of
the difference in d given by Ad/d versus Sin?¢ results in a straight line with a slope being a
function of E, v and 4. The stress at the surface a4 can be calculated for varying tilt angles
from the slope of the least square of the best line fit (Francis et al, 2007; Murugan, 2001;

Elmesalamy, 2014).

2.9 Simulations of Welding Phenomenon — Numerical

Several works have been carried out on numerical simulation which is evident in published
literature with regards to computational work. This involves the simulation of non-linear heat
flow generated from the welding of a plate with a single pass or multiple. The majority of the
concerns generated during the weld processes are as a result of non-linear heat flow which
refers to the moving heat model or the weld torch. This same work began as an experimental
investigation from as far back as 1960 right through to 1970, with limited finite solutions for
the non-linear transmission of transient heat analysis prior to 1970 (Qureshi, 2008). Computer
coding of the multifaceted heat flow process via weldments unto the base material were being
advanced from the mid1970s (Qureshi, 2008). A three-part comprehensive evaluation on
welding simulation was assembled by Lindgren recently (Lindgren, 2001; Lindgren, 2001) as
well as Adib Becker and Anas Yaghi (Yaghi & Becker, 2004).

Rosenthal in 1946, was the first to simulate the welding system using the moving heat source
to resolve the transient thermal distribution in arc welding using a 2D and 3D solid heat flow
with limited boundaries (Rosenthal, 1946). The moving heat source is the physical states when
the thermal excitation changes its location in a more or less regular manner with reference to

the body analysed for the heat conduction phenomena.
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He further authenticated his findings with experimental results obtained from thermally
distributed welded plates of varying sizes and thickness. Following Rosenthal’s discoveries,
other researchers discovered that although his model gave a detailed estimate of the
temperature from a distance; the close-range values were quite high. Debicarri (Debiccari,
1986) and Rybicki (Rbicki et al, 1978) along with other scientists created multiple point heat
sources which produced an accurate evaluation of the transient thermal distribution from a weld
torch. In addition to using a predefined temperature at certain points, Goldak (Goldak et al,
1984; Goldak, 1996) developed a heat source model known as Double Ellipsoidal Heat Source
having a Gaussian distribution to overcome the previous limitation. Currently this is the most
common model utilized with the ability to make amendments whenever necessary. Other heat
models in use today include Sabathy et al (Sabathy et al, 2001) and (Ravichandran et al
(Ravichandran et al, 1996).

Finite element methods in welding simulation were developed by Habbitt and Marcal (Habbitt
& Marcal, 1973) and Ueda and Yamakawa (Ueda & Yamakawa, 1971) but with limitations;
which spurred subsequent scientists such as Anderson, Friedman and Rybicki et al to provide
welding simulations - having fundamentally clear and precise step by step procedures for
analysis (Anderson, 1978; Friedman, 1975; Rybicki 1978). This same model took into
cognisance the thermal variant material properties and dormant heat related with liquid solid
phase transformation. Rybicki developed an enhanced model which was capable of simulating
the pipe girth weld of a pipe in a rotational and planer point of view as well as sequentially
combining the effect of 28-point sources corresponding to the thermal field. Butt Welding
using Plates and simple strain illustration was developed by Friedman and Andersson, the
thermo-mechanical uncoupled modelling of the weld was carried out using only half of the

cross section (Anderson, 1978).
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ABAQUS provides options to carry out coupled and uncoupled simulations. As the former
poses higher demand to computing capacity, with only a single core desktop available for this
research, the uncouple option was chosen in which the thermal analysis was conducted first,
followed by the mechanical analysis using the thermal analysis output as the input.

The Finite Element technique was also utilized for a series of several simulations with a good
number of experimental works carried out towards verifying numerical analysis and procedures
such as the type of element used in model design, the concentration of the mesh, choice of filler
material, method of modelling and the nature of simulation software all playing crucial roles
(were employed). The inherent characteristics of different materials were keenly observed with
their influence on the thermal and stress analyses closely monitored. The type of computational
modelling invented by (Mc Dill, 1915, 1999) and other scientists (Qureshi, 2008), proved to
be most effective yielding qualitative results — he established the different element types that
could be used while meshing a model; however, for parts of the model, having high stress and
temperature differences meant that a default mesh was employed to resolve complexities. As a
result of the different mesh styles available for meshing, the number of elements was
concentrated. The consequence of this saw a reduction of simulation time. A good number of
inventors among whom were the likes of Hyun (Runnemalm & Hyun, 2000) and Lindgren,
Runnemalm and others (Lindgren, 2001) (Lindgren, 2001), modified the existing methods of
re-meshing. Some of the synopses outlined by Lindgren (who is quite vast in the field of
welding and a specialist), are:

Moving heat source is better used in modelling welds compared to the axisymmetric model
because it yields less distortion when compared with the latter since the latter takes into
consideration the overall circumference of the pipe/cylinder welded. When observing the arc
at close range, the immediate environ for the double ellipsoidal model is more effective in

representing the heat inputted into the model. The important assumptions made in the choice
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of linear elements for meshing is keeping the temperature value invariant in the stress analysis
as well as ensuring a consistent overall strain to eliminate locking. While carrying out the stress
analysis the extent (amount) of movement/ displacement in any and all directions should be a
step above thermal analysis because the latter results in the former. By reason of the unstable
nature of ferritic steels during phase conversion which is obvious in the yield stress and thermal
expansion, the growth of their microstructure is embedded into the material library. Numerical
analysis of a temperature field distribution is more direct compared to the analytical solution.
Quite a significant number of weld experiments carried out with the aid of thermocouples are
required to generate the appropriate amount of data which can be fed back into the Finite
element analysis model to verify computational findings, such as the overall amount of heat
inputted into the model prior to analysing the effect of varying weld parameters and design

parameters.

2.9.1 Thermal and Stress Analysis of Welded Plates

FEA of thermal stress analysis in rectangular plates was carried out to solve controlling heat
equation thereby generating FE equation for thermos-elastic stress analysis using classical
theory of thermos electricity. Since temperature was conveyed in the middle of the plates, the
temperature increases with time, it increases in middle of plate whereas decreases at edge of
plate maintained at constant temperature. Dislocation is highest at insulated edges and
maximum temperature and lowest at surface. Thermal stresses were observed at insulated edge

and central section of plate (Verma et al, 2014).

In 2D and 3D model developed by Xu in 2014, 3D model provides prediction of heat flow and
stress distribution within the model using Goldak double ellipsoidal heat source via DEFLUX
interface of Abaqus. This because order than the 2D Axisymmetric model, a 3D model provides
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a more realistic picture and detailed information regarding the model compared to 2D. It is
observed that greater amount of residual stresses occurred at regions near the weld and corners
of weld plates and residual stress responded faster to heating time compared with other weld
parameters such as weld path and cooling time. The ability of the software to integrate and
clearly interpret specific and combined data such as heating time and weld path as well as
cooling time will depend on the computing power of device available, version of the software
employed and modelling ability of the user to intricately include and factor all these factors
into the Abaqus software. Would this same distribution of residual stresses be displayed in a
3D model of dissimilar material clad having different clad thicknesses? It was observed
however that the 2D FE models were suitable for weld because they give inaccurate solutions
of residual stresses which could possibly mean that not all details were depicted in the stress
profile of the 2D model as compared with the 3D hence the curved profile of residual stress
appeared accurate due to approximations in the 2D model by reason of iterations carried out.
It is therefore inferred that the 2D axisymmetric models provides as much detailed information

as a 3D plate analysis compared with 2D model.

In analysing the stresses in a welded joint, a change in the welding condition definitely impacts
on the nature of residual stresses obtained. For instance, residual stress encountered in well
clamped system will be less than that in a non-clamped setup. In the ‘Investigation of Clamping
Effect on the Welding Residual Stress and Deformation of Monel Plates by Using the
Ultrasonic Stress Measurement and Finite Element Method’, 3D thermomechanical FE was
carried out by Javadi in 2015 and it was revealed that longitudinal axial residual stress
measured up to 240 MPa whereas ultrasonic measured 230 MPa and hole drilling method
measured 250 MPa as shown in Figure 2.18. The difference between the residual stresses
measured by the ultrasonic method and those obtained from the FE simulation did not exceed

25 MPa which is about 10% of the yield strength of the Monel plate which implied that
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ultrasonic and FE simulation have reasonable agreement. This is commendable because
provided the yield strength is not exceeded, failure does not set in and FEA residual stress
model is validated by the experimental model. The evaluation of residual stress and
deformation in the Monel plates was used to investigate the clamping effect on the residual
stresses and deformation by employing the Ultrasonic stress measurement Lcr, angular
shrinkage measurement, FE simulation and hole-drilling method in Figures 2.20 and 2.21. It
was discovered that the angular shrinkage of the clamped plate 2 is less than one-quarter of
unclamped plate 1 as shown in Figure 2.20. Ultrasonic stress measurement distinguished the
clamping effect on longitudinal stresses with the aid of Lrc waves. The process of welding in
Monel plates with the aid of clamp yields an increase of 10% in longitudinal stress. By reason
of the close agreement obtained between the ultrasonic stress measurement and FEA, it reveals

the fact that the former can be used in measurement of residual stress.
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Figure 2.20 (a) Clamping effect on the welding deformations and (b) Angular shrinkage produced
after the welding of Monel plates (Javadi, 2015)
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Figure 2.21 Figure (a) Longitudinal Axial Stress FE, ultrasonic and (b) hole drilling Clamping effect
on the longitudinal residual stress (Javadi, 2015)

2.9.2 Thermal and Stress Analysis of Welded Dissimilar Materials

The stress behaviour and response in a welded structure has been carried out with the discussion

on single plates and pipes layer (monolayer) however in double layer not much has been done.

Ultrasonic residual stress measurement can also be used to verify through the thickness welding
residual stresses of dissimilar steel pipes as seen in (Javadi et al, 2013) but not without its
drawback such as the complexity in the residual hoop stress which is sensitive to the distance
from weld centreline on outer pipe surfa