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Abstract

The benefits of high strength steels in terms of reduced material volume due to
enhanced mechanical performance have been known for some time. Large diameter
transmission linepipe steels of minimum 690MPa (‘X100%) yield strength have been
developed throughout the previous decade, and have recently become commercially
available. Before these steels are used in linepipe construction projects, fundamental
work regarding their ability to be field welded required undertaking. This thesis presents
data arising from girth welding experiments involving a variety of X100 linepipe steels,
welding consumables and welding processes.

Target girth weld mechanical properties thought suitable for a strain-based X100
pipeline design were proposed at the outset of the research. Optimisation of pulsed gas
metal arc welding waveforms for the single and tandem wire processes, alongside the
establishment of the base material properties formed an early part of the research. An
extensive programme of solid wire welding consumable evaluation was then undertaken
for single, tandem and dual torch narrow gap welding processes. The majority of
equipment and procedures used throughout the work were as close to current field
practice as possible, to minimise the time required to transfer the technology to the field
situation. Work then focussed on the optimised alloy levels and welding procedure
requirements for the production of full girth welds, using a variety of industry pipeline
welding standards and supplemental techniques to assess the joint integrity.

It has been demonstrated that, subject to careful selection of welding consumable and

fairly precise control of welding process variables and parameters, there are no major
problems in obtaining weld metal strength levels of at least 120 MPa above the 690
MPa specified minimum yield strength (SMYS) of the parent pipe. This objective has
been achieved in welds made using all three mechanised process variants examined.
The desired target properties of strength and toughness were achieved with a variety of
consumables and pipe materials of different composition.

Tie-in and repair procedures were also developed during the course of the research, with
particular attention focussed on the application of high strength rutile flux cored wires.
These wires attained strength levels overmatching the pipe specified minimum yield
strength (690MPa), but would not reach the guaranteed overmatch level of 810MPa.

An examination of the thermocycles associated with four mechanised narrow gap
welding techniques (single, tandem, dual and dual tandem) was undertaken. The
experimental technique developed allowed the solidifying weld bead to be monitored, as
well as the cumulative temperature cycles experienced by the underlying layers.
Succesful determination of the cooling rates, times and transformation temperatures
allowed a comparative evaluation of the four processes, using an optimum weld metal
composition suitable for single wire welding of X100. This led to an understanding of
the metallurgical history, and its consequent effect on the associated mechanical and
microstructural properties. A similar series of experiments was undertaken to examine
these effects using variations in preheat with a single wire process. In most cases
considerable property variations were attained for the same weld metal chemistry, joint
geometry and arc energy, highlighting the sensitivity of the process and procedure in
achieving the required properties.
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The high cooling rates determined from the thermocycle experiments explained the
microstructural and mechanical properties attainable from lean alloying levels. A series
of metal cored wires, based around the same alloy as for the thermocycle experiments,
was consequently manufactured to examine small changes in weld metal chemistry. The
individual wires involved changes in carbon, nickel, molybdenum and chromium to
examine potential property variations arising from a highly controlled narrow gap
welding procedure. The results again highlighted the sensitivity of the narrow gap
welding technique in generating considerable property variation within the weld metal.
Tolerance ranges for specific alloying additions to attain the proposed strength levels
with a single and tandem wire process were derived from the data.
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Crack Length Ratio

Crack Tip Opening Displacement
Contact Tip to Workpiece Distance
Charpy V-Notch

Curved Wide Plate
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ROW
SAW
SEM

SMAW
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SMTS
SSCC
TEM
TIG
TMCP

ULCB
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UTS
WERC

WES

WPAR
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Outside Diameter

Optical Emission Spectroscopy

Parts per million by weight
Parameter Crack Measurement
Pulsed Gas Metal Arc Welding

Post Weld Heat Treatment

Quench and Tempered

Right Of Way

Submerged Arc Welding
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1 INTRODUCTION

A trend towards consideration of the use of higher strength linepipe is steadily evolving
as a result of moves towards higher allowable operating pressures and reducing
material/installation costs of major pipelines. Traditional high strength steels (i.e. those
produced by a quench and tempered (Q and T) processing route) gave rise to the
commonly held belief of many engineers that high strength came at a high cost, high
alloy content and were difficult to fabricate. The significant technological advances
made in steel manufacture, particularly during the last fifteen years, have dispelled
many of the factors previously limiting the uptake of high strength steels. Excellent
combinations of strength and toughness, whilst still maintaining good weldability, are
now readily achievable!"'?, In the last few years several major steel suppliers have
developed higher strength linepipe having a 689 MPa minimum yield (Ry02 or Res)
strength (equivalent to an API SL X100 grade if it were to exist)>’1%, Although only
limited quantities of this pipe have been manufactured to date, most items supplied to
oil/gas companies and/or their contractors have been full size pre-production pipes
manufactured under typical production conditions in the suppliers’ pipe mills.

Significant cost savings are possible with the use of high strength steels, notably in
terms of handling/carriage (reduced material volume) and welding (reduced weldment
volume, welding time and welding consumables). The sophisticated alloying and
processing routes allow the use of lean alloy compositions, in comparison to Q and T
steels. This in turn offers savings in fabrication through an increase of the allowable
welding parameters to provide a greater tolerance to higher heat input levels, resulting
in greater productivity. Lean alloying/low carbon equivalent values also promote the
reduction or elimination of expensive preheat and post weld heat treatment procedures,
further enhancing the material cost effectiveness. It is consequently important that cost
comparisons of modern high strength steels with their lower strength counterparts go
beyond the initial material costs, with full account taken of the cumulative advantages
that accrue from design, selection, fabrication and operation using these maternals.

To date, only a limited amount of welding research has been performed on X100
linepipe, with the emphasis placed on the longitudinal seam weld properties. At the
outset of the research programme no information existed on the properties required of
girth, repair or tie-in welds for this material. As a precursor to considering such new
materials for a major capital project or before pipeline operators can be fully confident
in the use of X100 linepipe, it is necessary to undertake a detailed study of the welding
"technology relevant to field construction of the material. This is necessary to confirm
that satisfactory welds can be made and to determine the data for a reliability-based
design with appropriate weld-defect acceptance criteria. Acceptance of the material and
its ability to be fabricated is also required by regulatory bodies in many countries, most
of whom require that the material is present in standards and codes of practice prior to
sanctioning any construction project. A wide body of data is usually a prerequisite for
inclusion of a material within a standard or code, and in this respect it 1s important to
increase and promote the knowledge base via research with respect to. X100 and its
fabrication. The natural conservatism within the industry towards new matenals can
only be overcome through effective communication of research findings and
construction trials. In this respect communication between all parties involved in the
integration of new developments (for instance Universities, transmission line



owner/operators, construction contractors, equipment suppliers) is of paramount
importance in the timely acceptance of new technology.

The metallurgical properties of X100 linepipe and potential weld metals are such that
consumable selection, welding procedure development and production welding controls
require comprehensive evaluation to ascertain their feasibility in the field. Such testing
and qualification of procedures by contractors is needed to ensure that the procedures,
and any variation thereof, are technically sound and will produce welds of the required
quality and properties. The incremental change in technology between Grade 550 (X80)
and Grade 690 (X100) 1s significantly more complex than it was between Grade 485
(X70) and Grade 550, with markedly different microstructures present in both linepipe
and the weld metals that are potential candidates for pipeline welding.

Since the early 1970’s pipeline constructors have gained significant cost savings and
quality improvements through the development and implementation of gas metal arc
welding (GMAW) processes for mainline welding. Mechanised, high productivity
welding with minimum intervention by the welder also offers distinct advantages in the
harsh conditions and short construction seasons anticipated for some possible areas of
linepipe routing, particularly in Arctic regions such as Alaska, Canada or Siberia. The
advent of higher productivity mechanised narrow gap welding processes, such as the
dual torch, tandem wire. or dual tandem torch GMAW variants of the process, further
increases the potential for economic savings during pipeline construction.

The novelty within the current work is aimed at the examination of various aspects
relevant to the field welding construction of X100 linepipe. The welding equipment and
procedures were kept as close as possible to those currently used in the field, such that
transfer of successful research outcomes from the programme to a field situation should
be minimised, both in terms of time and equipment modification. A range of wall
thickness and diameter variants of pre-production pipe sections were received from
several pipe manufacturers for the purposes of girth welding procedure development
and associated research. Prior to the current research programme no girth welding trials,
let alone systematic studies, had been reported using X100 linepipe. The programme of
work included single, dual and tandem torch narrow gap mechanised welds to simulate
pipelay main line welding, alongside manual/semi-automatic repair and tie-in
procedures. Pulsed gas metal arc (PGMAW), conventional short-circuit gas metal arc
(GMAW), shielded metal arc (SMAW) and flux-cored arc welding (FCAW) were used
selectively, as appropriate to each application. The development of a tandem torch
pipeline weldin% system at Cranfield just prior to the start of the current research
programme’ % ) enabled the first full welding procedure development and
qualification of the technology during this research. This process is unique amongst
modern mechanised fixed position pipeline welding techniques in using two wires to
feed a single weldpool, thereby allowing high travel speeds but still maintaining
weldpool control. A further novelty involved the use of the process with X100 pipeline
steels. Proposed mechanical property requirements of the weld metal relevant to strain
based design using X100 pipe were established at the research programme outset, from
which a variety of consumable electrodes were used to initially determine potential weld
metal chemistry levels. This was followed by full weld procedure testing of selective
chemistries with conformance to the requirements of existing European and American

transmission pipeline welding standards, wherever possible. Analysis of the data



resulted in an optimal weld metal chemistry, from which a further series of experiments
were designed to examine various procedural and chemical permutations.

The variety of mechanised GMAW systems on offer for pipeline construction in today’s
market provided the impetus for a comparative process study; single wire, tandem wire,
dual torch and dual tandem torch welding techniques were examined by minimising all
variables between the processes. A novel technique for multiple weld metal thermocycle
measurement from an initially molten weldpool was developed, particularly with a view
to capturing data from multi-layer deposition processes such as dual torch and dual
tandem torch. The resultant data provided a valuable insight into the weld metal cooling
variations possible throughout the thickness of a multi pass narrow gap weldment, with
the data compared with various mechanical property measurements. In a similar
fashion, several variants of preheat and interpass temperature changes using the
conventional single wire mechanised GMAW technique were also examined.

The high cooling rates determined through the various experimental procedures were
shown to be the cause of the significant strength increases when compared with the
results of the same alloy in a more convential cooling rate regime. These results
prompted the final research area undertaken, namely the examination of alloying eftects
in a typical narrow groove associated with mechanised pipewelding. Specific alloy
chemistries were manufactured to gain an understanding of the property variations
possible when all other variables were minimised. From this information an idea of the
tolerance box associated with a nominally ‘optimal’ chemistry could be determined in
order to maintain the required target properties using typical mechanised welding
practices.

It is proposed that this work, in combination with other research projects and
programmes worldwide will help to bridge some of the gaps in knowledge associated
with high strength steel linepipe welding practices, and generally promote a more
positive view of these material types. It is also anticipated that research of this type will
help instigate end user development and confidence with the various procedures and
technologies discussed, which in turn will promote the more timely inclusion of these
materials in standards and codes of practice.



2 LITERATURE REVIEW

2.1 THE REQUIREMENT FOR TRANSMISSION PIPELINES

It 1s estimated that the world currently consumes 402 thousand tonnes of oil/hour and
290 million cubic metres of gasthour''”. A forecast for future world energy usage is
expected to show an increase by 60% to 2020, with fossil fuels continuing to dominate
up to 2050, At the end of 2002 the world proven reserves of gas were nearly 156
trillion cubic meters and that of oil nearly 143 billion tonnes (cf. total proven coal
reserves of 984 billion tonnes)'?. The ratio of natural gas in total primary energy
sources consumed will increase in the first half of the present century'’> such that it will
have an estimated market share of nearly 80% in 2025 (doubling the current volume
consumed!'®). In Europe gas consumption will increase rapidly, and by 2020, 70% will
be imported. Ten countries contain 80% of proven gas reserves, 30% of which are in the
Russian Federation and 36% in the Middle East. The Russian Federation is the second
largest consumer of gas (15%), although the USA and West Europe collectivel

consume a larger amount even though they possess only 11% of proven reserves .
Over 65% of proven recoverable oil reserves are in the Middle East (25% in Saudi
Arabia)'®, with the major oil producers being Saudi Arabia, the Russian Federation and
the USA (descending order of magnitude). Oil demand is greatest in the Atlantic basin
and Asia pacific, highlighting the net surplus production of the Middle East in providing
the world ‘energy balance’'®. As can be seen, the supply and demand for fuels occur in

differing locations, such that politics will be an integral component of our energy future.

The exploration and production of fuels to meet the increasing demands posed
throughout the world have seen a consequent requirement for a transmission
infrastructure. Two of the primary energy sources, oil and gas, are ideally suited to
distribution via pipelines on- and offshore due to their fluid constitution and high
volume requirement. The function of pipelines is the transport of the specified medium
in large quantities, safely and in the most economic fashion; it is these criteria which
pose great material technological challenges, particularly in the case of gas
transmission. The desire to locate and extract from new oil and gas fields that will be
both economically attractive and less liable to political pressures and changes have
resulted in considerable assessment of areas such as the North Slope development of
Alaska", and the Tarim desert region of northwest China'”. Both of these examples

will involve the construction of very long distance (>2000 miles) gas pipelines through
hostile environments to bring the fuel to the desired locations. This in turn places
greater demands on the system in the form of mechanical properties and matenal
integrity, with the best possible compromise on safety levels.

2.2 THE CASE FOR HIGHER STRENGTH STEELS

Conventionally, high pressure gas transmission is at approximately 10 MPa (1450 pst)
for which API 5L Grade X80“? is adequate, but it is proposed to increase this to 15
MPa (2175 psi) in the near future. The increase in operating pressure will offer a distinct
advantage by allowing a greater volume of gas to be transported in a given time period
or for longer lengths. This has generated the drive for higher strength steel development,
enabling a reduction in wall thickness and diameter for a given pressure. Additional



advantages are the decreased construction costs and steel volumes. Long distance gas
pipelines require expensive compressor stations at specified intervals; increasing the gas
pressure requires less stations and therefore has a significant impact on the project
economics. Petroleum and gas fields have been surveyed in areas which were once
considered uneconomical to exploit due to geographical location and/or environment
e.g. Arctic or areas of seismic activity, but with the advent of new materials the situation
becomes more favourable. Reduced linepipe weight significantly decreases the costs of
transportation of the pipe sections prior to construction in the field, whilst reduced wall
thickness decreases construction time due to the lower volume of weld metal required.
As a result the prospect of high strength steels are widely recognised as the future of
bulk gas transportation. The strength level being investigated by several major
producers of high quality/technology line pipe is designed to meet a specified minimum
0.5% tensile elongation (Rys) strength of 689 MPa (100 ksi) i.e. equivalent to an API
5L X100 if the latter were to exist. The material properties for this strength of linepipe
have currently only been specified in the Canadian standard for linepipe“”, but it is
undoubtedly the intention of further specification bodies to include pipes at these
strength levels in the near future. An example of the cost reduction possible from
changing the pipe strength from X70 to X100 has been shown to be just less than 20%,
even when the increased premium for the material is taken into account””, The
corresponding reduction in weight approaches 30% for identical volume/time
transportation.

Research and development of even higher strength linepipe of specified minimum yield
strength (SMYS) 827 MPa (120 ksi) 1s also under-way(23) to further increase the
economic benefits. The challenge to the manufacturers is the provision of consistent
strength levels coupled with the highest possible toughness and weldability. The higher
the strength, the greater this challenge becomes in maintaining the correct balance of
properties for both the base material and weld metal.

2.3 DEVELOPMENT OF PIPELINE STEELS

231 HISTORICAL DEVELOPMENT

Pipelines have been employed for thousands of years as a means of making mankind’s
lifestyle more amenable. Early water transportation systems used bamboo in the far
eastern civilizations, with the Romans famed for their lead piping infrastructure. With
the increasing variation of materials requiring transport over the last few centuries, such
as sewage, oil, refined products, gas, chemicals and slurries, the number of material
variants used to transport them has increased. Vitrified clay, asbestos-cement, concrete,
ductile iron, carbon steel, alloy steel, plastic and composites are typical examples“?.
The location of pipelines has also moved from solely onshore locations to offshore, with

increases in water depth occurring all the time (pipelines in over 2000m water depth
have been laid***).

There has been continual progress in the demands made on steel linepipe since the first
major milestone in, what was then, high 'strength/long distance oil transportation for the
Trans Alaska Pipeline System (TAPS) in 1968. 500,000 tons of API 5L Grade X635 of
48 in. outside diameter were manufactured by three Japanese steel companies for the
project. This development stimulated the demand for higher transportation efficiency, -



field welding efficiency and safety through pipes with greater strength and low
temperature toughness. Strength levels have increased through projiects such as the
Trans Siberian pipeline (X70)'" and the Ruhrgas pipeline (X80)”, with toughness
levels increased to cope with the greater wall thickness and colder environments.
Resistance to hydrogen induced cracking (HIC) and sulphide stress corrosion cracking
(SSCC) is now an important aspect of pipe design due to the development of sweet or
sour resources containing various amounts of H,S, Cl and CO,. Where levels permit the
use of conventional steels as opposed to corrosion resistant alloys (eg modified 13Cr,
duplex, super duplex), HIC test methods of increasing severity (eg NACE TM 01-77%®
or NACE TM 02-84“%7) have been developed to provide a basis for material suitability.
The rationale behind high strength linepipe development is shown diagramatically in
Figure 2-1. A summary of linepipe changes from the mid 1960’s to the early 1990’s 1s
shown in Figure 2-2, with the following paragraphs highlighting the major differences
between the grades:

e API 5L X52 linepipe was one of the first high strength low alloy (HSLA) steels to
be used for the transmission of oil and gas. The microstructure essentially
consisted of ferrite and pearlite, the former involving a matrix of polygonal ferrite
with varying amounts of interspersed pearlite.

e API SL X70 linepipe is generally classed as a ferrite and pearlite
microstructure®”, X70 was introduced to satisfy higher strength and toughness
requirements. Improvements in mechanical properties were produced by a
combination of strengthening mechanisms, microalloying and TMCP technology.
The latter allowed higher accelerated cooling rates of 10-15°C/s together with a
leaner base metal chemistry to produce greater homogeneity within the

microstructures”.

e API 5L X80 linepipe. Whereas X70 linepipe was characterised as predominantly a
ferrite and pearlite microstructure, X80 linepipes are said to comprise of a bainitic-
ferritic and bainitic microstructure'”, or tempered bainite and tempered
martensite®”. The chemical composition of X80 steel is based on a low carbon
and high manganese content with microalloying combinations typically involving
niobium and titanium or niobium and vanadium. Additional elements such as
copper, chromium, nickel, molybdenum and boron are sometimes also present.

The technological challenges can be broken down into four major, often related, areas

of development; increased strength, increased low temperature toughness, ease of field
weldability and reduction of HIC/SSCC.

2.3.1.1 STRENGTH INCREASES

Classical alloying techniques for increasing the strength of steel involve high carbon
levels (>0.3%) with possible additions including manganese, chromium, vanadium,
molybdenum, nickel and copper. However, these elemental additions reduce the ease of
fabrication due to high hardenability levels experienced throughout the heat affected
zone of a welded joint. Hardenability is a measurement of a materials ability to generate
a martensitic structure, and it has been found that the resulting martensite hardness 1s
directly related to the amount of carbon present in the steel. Increased hardenability can
be achieved by higher alloying (except cobalt or aluminium) or increased cooling rates,



both of which modify the materials microstructure by suppressing the transformation
temperature or increasing the driving force for lower transformation temperature
products such as martensite or bainite. The expensive application of preheat to lower the
cooling rate may reduce or eliminate the chances of problems associated with high
hardenability, such as heat affected zone cracking, but with the emphasis on speed and

ease of fabrication in industry, the elimination or reduction of preheating by alloy
design is of major importance.

The incentive of reducing expensive alloying additions to generate higher strength steels
prompted research into the fundamental principles governing steel properties.
Pioneering work undertaken by Hall, Petch, Cracknell and Cottrell®’~%***% found that a

reduction in the ferrite grain size raised the yield stress (oy) and lowered the impact
transition temperature (C,trans) simultaneously. Through this knowledge, the advent of
controlled rolling within the steel plate production process allowed fine grained ferrite-
pearlite steels to gain widespread acceptance as a means of manufacturing high
specification steel with lower levels of major alloying elements from the late 1960°s.
Similar advances were made using microalloying technology (typically involving

additions of Nb, V, Ti and B) to further control the austenite (y) and ferrite () grain
sizes throughout the reheating, rolling and cooling processes, coupled with precipitation
hardening effects. A further benefit was found in the use of accelerated cooling after
final rolling to increase strength via transformation hardening without a loss in the low
temperature toughness. The technology derived from these studies resulted in the
modern day thermomechanical controlled processing (TMCP) of steel production
employed by linepipe manufacturers. Compared to the traditional Q and T high strength
steels which rely predominantly on transformation strengthening to generate their
propérties, the lower carbon equivalent (CExw" or Pcm(36)) attainable through TMCP
for a given plate thickness appreciably enhances the field weldability via a reduction in
heat affected zone (HAZ) hardness (comparing identical welding conditions). The
absence of a tempering stage also enhances the productivity and economy; essential
attributes for the mass production of linepipe.

2.3.1.2 TOUGHNESS INCREASES

Pipelines are required to resist fracture initiation and propagation in the event of severe
integrity compromisation in order to avoid large scale catastrophes. An example causing
such compromisation could be a defect greater than the allowable critical sizé due to
corrosion. The exploration and recovery of oil and gas resources are moving to more
remote and hostile environments, where the arrest of fracture requires high toughness
levels at low temperatures for both the base material and weld metal. Fractures
occurring in oil pipelines observe rapid decompression at the crack tip with the result
that fracture is arrested over a short distance. Gas pipelines, on the other hand, involve
slow decompression due to the high stored energy, with a consequent possibility of
propagation over long distances (running fractures). As described earlier, the future
requirements of gas transportation will involve even higher pressures, so arrest of brittle
and unstable ductile fracture is of prime importance.

Brittle fracture arrestability can be judged empirically by the Battelle drop weight tear
test (BDWTT) (a supplementary requirement in API 5L“?). The resulting percentage
shear area is recorded, and if found to be above 40% with the test conducted at the



design temperature, the propagation speed of brittle fracture (typical maximum value
300-400m/sec®”) is regarded as being lower than the decompression rate (typically
450m/min), with the result that brittle fracture is arrested®®. Due to the distribution of

results from various heats from which pipes of varying diameter/wall thickness will be
manufactured (API 5L states >80% of the heats should exhibit shear areas >40%), it is
generally specified for gas pipeline material to give a shear area of 80 to 85% at the
design temperature to ensure fracture arrest. BDWTT temperatures have continually
reduced over the last few decades due to the environments encountered; what was
formerly 0°C to —20°C can now be as low as —50°C to —60°C. Through full scale burst
testing and corresponding small scale testing various companies and institutes have
established a correlation between BDWTT and Charpy V notch (Cv) impact toughness
with the design stress for arresting unstable ductile fracture in pipelines at the design
temperature. As an example, work by the high strength linepipe committee of the
Japanese Iron and Steel Institute ), resulted in the following equation:

Cv=2.498 x 10° . oD% £

where oy = Hoop stress (MPa), D = diameter (mm), t = wall thickness (mm), Cv = 2/3
subsize Charpy specimen energy (J). A pipeline of 1219mm (48 in.) OD, 18.3mm WT
carrying a single phase gas would require approximately 49J Cv (6.67 x 10mm
specimen) or 3 kJ standard BDWTT for an X60 grade (300 MPa design stress),
compared with approximately 95J Cv or 4.5 k] BDWTT for an X80 grade (400 MPa
design stress). Extrapolating this for X100 (5§50 MPa design stress) results in a Cv
minimum value of 200J or 7.5kJ BDWTT; this value however needs confirmation
through reliability testing for ductile fracture arrestability, as the background data have
yet to be substantially generated for X100 grade steels. The main conclusion from the

research is a recognition that, with increasing pipe OD, WT and operating pressure,
increased values of Cv or BDWTT are required.

Full-scale burst tests are becoming more frequently used in determining pipeline
fracture behaviour, typically using gas of a specified composition comparable with that
of the project pipeline gas. The results can be used to define the material toughness
requirements for arresting a fast propagating ductile fracture (providing that the material
in the test produces a self-arrest), as well as verifying the applicability of using Cv
impact or BDWTT levels for characterising the fracture resistance of the particular
material. The mechanical properties (YS, UTS, Cv, BDWTT) of each pipe in the string
to be tested are assessed, such that their expected toughness usually increases either side
of the crack initiation point. Predictive arrest Cv values for a particular pipe can be
calculated using either the Battelle simplified equation“” or Battelle two curve
approach®®”, with the latter favoured for high pressure values®”. An explosive charge is
used to initiate the crack, with typical instrumentation involving pressure transducers for
measuring both the test pressure and pressure decay, and timing wires for crack speed
measurement during crack propagation. Comparison of the actual pipe toughness versus
the predicted Battelle toughness has shown a discrepancy for recent X100 tests G such

that a correction factor should be applied to the equation for future arrest predictions.

Another test used to assess fracture propagation toughness is the Battelle West Jeftferson
test. This involves pressurising a pipe section with water, air or fuel gas at a specified
temperature to the desired percentage of the pipe SMYS. Crack initiation is again
initiated by an explosive charge. Crack arrestors are sometimes incorporated within the



projected fracture area to assess their suitability, with the reéulting shear area of the
fracture surface calculated for comparison with Cv or BDWTT results.

Brittle fracture is initiated mostly in weld metal and rarely in the base material of
pipelines, hence the necessity for ‘robust’ weld metal designs. Charpy values for both
the weld metal and HAZ are consequently specified, their level depending upon the
service conditions and permissible flaw size in non-destructive testing. Another test
developed to characterise a materials fracture initiation resistance is the fatigue-notch
crack tip opening displacement (CTOD) or J-Integral, the results of which are often
correlated with Cv values. Typical values for pipelines and their welds up to X80 grade
are 30 to 60J Cv and 0.1 to 0.25mm CTOD at the operating temperature. Ring
expansion testing with intentional defects at specific locations (e.g. HAZ of seam weld)
and curved wide plate testing are further tests used to assess fracture initiation
toughness. The latter is often used to determine girth weld fracture initiation resistance,

defect size tolerance and axial strain capacity'®.

2.3.1.3 INCREASED WELDABILITY

" The ease of welding a given material has traditionally been of great concern for all
branches of steel fabrication. A major objective of steel manufacturers is to provide a
material which allows the largest possible range of heat input due to the welding
thermocycle(s) over which the desired base metal properties can be maintained.
Numerous formulae have been developed by various researchers*?, often applicable
within certain boundary conditions. The original hardenability equation developed by
Dearden and O’Neill ©* and adopted by the International Institute of Welding (IIW) in

terms of a carbon equivalent value was derived from the hardenability of the HAZ due
to the presence of certain elements:

CE = C+%+ (Ni ;-5Cu) N (Cr +J§[o +V)

It has been found that good agreement using the formula exists between the resulting
hardness (and the consequent susceptibility to cold cracking) when C levels are >0.18%,
or the time for the base material to cool from 800°C to 500°C (tg/s) due to the heat cycle
is longer than approximately 12 seconds (3 Pipeline steels, however, have traditionall
used leaner alloying coupled with advanced processing routes. The Ito and Bessyo(3 )
Parameter crack measurement (P.n) formula, derived from cold cracking tests ina Y
groove (test method JIS Z 3158), has become the benchmark value for assessing
pipeline weldability. It 1s particularly applicable for welding processes giving tgs times
of less than 6 seconds and C levels well below 0.22%**:

PM=C+.&+M+&+M2+K+SB

30 20 60 15 10
A further carbon equivalent (CE) formula that has been developed with a variety of

normalized, Q and T and TMCP ferritic steels in mind is the CET formula specified in
the latest BS EN recommendations for the arc welding of ferritic steels“*¥. Part 2,
Annex C.3 of this standard provides guidance on the avoidance of hydrogen cracking in
non-alloyed, fine grained and low alloy steels (groups 1 to 4 of CR ISO 15608*>) using
the CET value in the calculation. The formula is applicable for carbon contents in the



range of 0.05 to 0.32 weight %, and also specifies maximum limits for all the major and
micro-alloying elements:

(Mn + Mo) N Cr+Cu _I_ﬁ
10 20 40

The use of CE values in providing a measure of hardenability in the material has
promoted the use of maximum allowable hardness values in weld metal and the HAZ.
These are typically set at a maximum of 325-350 HV10 for pipes not experiencing a
sour medium, and less than 250-275 HV10 for those that do in order to prevent stress
corrosion cracking®®. As seen from the above equations, carbon exerts a strong
influence on the calculated CE value, resulting in a major drive by the linepipe
manufacturers to reduce carbon levels to increasingly lower levels“” (see Figure 2-3),
thereby reducing the hardness and cold cracking susceptibility. There is obviously a
balance to be attained between the required strength level and the resulting weldability
due to the required alloying. It should be noted also that the above three equations
exclude factors such as additional elements (e.g. Nb), the variation of cooling rates and
diffusible hydrogen contents of weld metals, all of which can significantly affect the
outcome. Further studies incorporating these variants have therefore been pursued (for
example the Yurioka CEN formula®*®), but widely applicable solutions to a broad band
of material compositions and thermal histories have not been found with any great
degree of confidence. This has resulted in the continued need for weld procedure
qualification following the development of new steels or welding techniques.

CET =C+

2.3.1.4 REDUCTION IN SUSCEPTIBILITY TO HYDROGEN INDUCED CRACKING AND
STRESS CORROSION CRACKING

Pipelines used to transport sour oil and gas have been in existence for over three
decades. An accident involving leakage of oil from a pipeline in the Persian Gulf in
1972 however prompted research'” into what became known as hydrogen induced
cracking (HIC). HIC is classified as cracking in the absence of an external applied
stress, contrary to stress corrosion cracking (SCC) which occurs under the influence of

an external stress system, and is observed usually with steels of yield strengths above
550MPa. The mechanism of HIC can be explained by the following steps:

1/ Hydrogen evolution as a product of corrosion processes on the steel surface,
or introduction via the welding consumable, followed by its diffusion into the steel.

2/ Atomic hydrogen combination at precipitation sites such as elongated non-
metallic inclusions and coarse precipitates to form molecular hydrogen. Internal
pressure caused by the molecular hydrogen may initiate cracks, and the steel surface
may show a blistering effect.

3/ Propagation of the cracks occurs along adjacent non-metallic inclusions and
susceptible (hard) microstructures such as those found along the centre segregated zone
of a plate.

The avoidance of elongated non-metallic inclusions can be achieved through the
addition of elements which influence their morphology. An example is calcium; this
clement combines with sulphides, reducing their aspect ratio and thereby their tendency
to promote crack propagation. Clean steel production (low levels of sulphur,

10



phosphorus, oxygen and nitrogen) reduces the volume of non- metallic inclusions and
subsequent sites for atomic hydrogen combination.

Studies on centreline segregation have imposed limits on its width to prevent crack
propagation. The segregation of manganese and phosphorus, as measured by electron
probe microanalysis (EPMA) in the vicinity of HIC after testing in NACE solution has
shown crack arrestability for combinations of manganese and phosphorus resulting in
hardness levels below 250 HV0.025“, Figure 2-4 summarises the
propagation/composition boundary; increasing manganese is required for higher
strength levels and low (<0.02%) phosphorus should ensure HIC arrest.

HIC resistance is measured in terms of a crack length, thickness or sensitivity ratio®*®

calculated after immersion in a specific solution (e.g. BP test solution: H,S saturated
artificial seawater with a pH of 4.8 to 5.4 or NACE test solution: H,S saturated solution
of 5% NaCl and 0.5% CH3;COOH with a pH of 2.7 ta 4.0) for a given time (e.g. 96
hours). Current requirements for sour service pipe in the North Sea are less than 10%
crack length ratio (CLR) (see Figure 2-5) after immersion in the more severe NACE
solution.

As per the recommendation for avoiding HIC, hardness levels below 248 HV10 have
been specified in the NACE material requirement MR-01-75? for both parent plate
and welds for avoidance of SSCC. A requirement of less than 1% nickel in both steel
and weld metal is also specified due to increased susceptibility of SSCC above this
value. Microstructural homogenization is considered an important attribute in reducing

SSCC, alongside the previously mentioned material characteristics for lowering HIC
susceptibility. SSCC has been observed in the softened HAZ of pipe welds with HV10
values below 248 ©V), leading to the term stress-oriented HIC (SOHIC).

2.3.2 DEVELOPMENT OF HIGH STRENGTH STEEL PIPELINES

The replacement of carbon with manganese, coupled with microalloying additions and
controlled.rolling to attain the required strength and toughness, has occurred since the
1960’s. Early generation microalloying was undertaken using additions of niobium and
vanadium coupled with controlled rolling to produce steels with ferrite/pearlite
microstructures. The early steel compositions for projects such as TAPS were 0.11-
0.14% carbon, 1.2-1.4% manganese with niobium and vanadium additions. Niobium
(typically 0.01% to 0.05%) provides the steelmaker with two important characteristics:

1/ At typical slab/bloom reheating temperatures of 1250°C, substantial amounts
of niobium are taken into solution. On cooling to the specified rolling temperature, the
recrystallisation of austenite below 900°C*” is delayed due to the strain induced
precipitation of Nb(CN) within the austenite matrix. Combined with a short period
between finish rolling passes occurring below this temperature, the progressively
deformed austenite grains release only a minor part of their stored energy due to
recovery. The consequent highly elongated grains with a high level of stored energy

result in a fine ferrite grain size (<8um) on transformation of the deformed austenite.
The latter occurs principally due to the higher nucleation rate per grain surface area of
the deformed austenite (higher grain boundary energy), alongside the greater number of
intragranular nucleation sites. This results from the presence of deformation bands and
annealing twins®?. The two previous effects vary as a function of strain and
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transformation temperature, thereby emphasising the correct selection of controlled
rolling schedules.

2/ Precipitation hardening by Nb(CN) occurs within the ferrite matrix after
transformation; the coherent precipitates pose formidable obstacles to dislocation
motion thereby increasing the hardness with tempering time.

Higher levels of niobium were investigated (0.1%) with lower carbon levels, in which
the precipitation hardening and grain refinement effects were enhanced®”, but the
strength levels failed to break through that of the ferrite/pearlite steels, with field
weldability being rather poor.

Vanadium, like niobium, has a strong affinity for carbon and nitrogen, and amounts
typically in the range of 0.04% to 0.15% are added to form V4C; and VN. Complete
solution of V4C; occurs at typical normalizing temperatures of 920°C (cf. Nb(CN)
where very small amounts will be dissolved) resulting in high levels of precipitation on
transformation to ferrite, with consequent high levels of precipitation strengthening (up
to 150 MPa per 0.1% V). VN goes into solution at slightly higher temperatures
(~1050°C) than V4C;, although in aluminium killed steels (as was typical practice), Al
is the more powerful nitride former resulting in mainly V4Cs precipitation. When high
levels of vanadium (0.45%) are combined with high nitrogen levels (0.01%) and lower
carbon levels VN forms, causing the retardation of austenite recrystallisation gas per
Nb(CN)) during rolling alongside the generation of precipitation hardening®®?. The
strength level achieved, however, is again only up to around 590 MPa (ferrite/pearlite
steel limit) with limits placed on the attainable wall thickness and poor field weldability.

A further microalloying element employed to increase the strength level is titanium.
Additions of 0.03% - 0.07% have been utilised*”*® for the formation of TiC, which
retards austenite recrystallisation and promotes precipitation hardening. TiN is stable
above normal slab reheating temperatures and does not therefore contribute to
hardening through strain induced precipitation. The effects, however, are again limited
to strengths similar to those of ferrite/pearlite steels. Figure 2-6 shows the relative etfect
of Nb, Ti, Al and V on the static recrystallisation stop temperature (dynamic
recrystallisation is hard to achieve with controlled rolling); Nb is the most effective in
raising the recrystallisation stop temperature, with Ti, Al and V following in order of

reduced effectiveness®”.

Further investigations using low carbon coupled with various additions of nickel,
chromium and copper totalling 0.5%, so as not to impair weldability were performed®?.
Results demonstrated that the strength/toughness relationship was improved due to
enhanced grain refinement caused by controlled rolling in conjunction with a drop in the
Ar; temperature, alongside solid solution strengthening. The microstructure, however,
remained as ferrite/pearlite with a consequent limit on the maximum attainable strength
level.

Work undertaken by Pickering®™” provided the key to increasing steel strengths without
using medium to high carbon levels. Figure 2-7 shows the relationship between 50%
transformation temperature (usually the maximum rate of transformation) and tensile
strength for a variety of normalised steel compositions (0.05 — 0.2% C). As the
transformation temperature falls, the microstructure changes from ferrite/pearlite to
acicular ferrite, to upper then lower bainite and finally martensite. Strength levels
correspondingly increase; the large variation observed with bainitic microstructures was
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found to be in good agreement of their particular 50% transformation temperature. It
was observed that the variety of alloying levels resulting in a given transformation
temperature could be achieved in numerous ways, pointing to a certain independence of
microstructure and chemistry.

In the early 1970’s acicular ferrite steels were developed for linepipe use comprising
low carbon (0.04-0.06%), high manganese (1.8-2.0%), molybdenum (0.4%) and
niobium (0.04%)®”; carbide precipitation was avoided with transformation
strengthening the predominant mechanism. The resulting microstructure exhibited
improved low temperature toughness with higher strength levels and the ability to
manufacture thicker plate sections. The downside was an increased CEpw/Pcm due to the
high manganese and molybdenum levels employed, with a consequent reduction in field
weldability. Steels with reduced manganese and molybdenum levels followed to
improve the weldability, with the strength maintained by vanadium additions coupled
with titanium to aid grain refinement (thereby increasing toughness) via the formation
of TiN®Y, The TiN particles significantly reduce austenite grain growth during slab
reheating due to their high melting point (>1450°C)®”, resulting in a fine grained
microstructure classified as one involving a mix of ferrite/pearlite and acicular ferrite.

Developments to further increase strength were aimed at generating bainitic
microstructures with very low carbon levels, leading to the terminology of ultra low
carbon bainitic (ULCB) steels. One method utilises the strong effect of boron as an
extremely efficient strengthening agent when used in combination with elements such
as aluminium, titanium and niobium. Boron has a strong affinity for oxygen and
nitrogen, but this is reduced when aluminium and titanium are present, with the result
that soluble boron is present to fill interstitial sites in a similar fashion to carbon and
provide solid solution strengthening. The level of carbon in combination with boron 1s
consequently very important; the lower the carbon level the more potent a given amount
of soluble boron (this is recognised in the P..°® hardenability formula). The addition of
niobium to steels with boron additions suppresses the formation of Fe;3(CB)g through
the development of niobium carbides, with a consequent lowering of the austenite to
ferrite transformation temperature. Boron levels of 7 to 20 parts per million (ppm) in
conjunction with niobium and molybdenum have been investigated, with the result that
yield strength levels in excess of 700 MPa with reasonable levels of toughness (>100J at
—20°C) are attainable"™.

To improve the low C-B-Nb-TiN system, additions of copper'® for strength
(precipitation hardening) and nickel®® for higher toughness (refinement in grain size
due to the suppression of the A3, with a relatively small increase in hardenability) were
investigated.

The previous strengthening mechanisms were developed in conjunction with controlled
rolling (thermo-mechanical rolling) of steel plates. This process allows rolling to be
performed using a predefined amount of reduction in specific temperature regions to
generate optimum microstructures. The advent of accelerated cooling (ACC) after final
rolling enhanced the effects learnt through the previous alloy and microalloy additions,
such that lower overall alloying levels were required with consequently even lower Pem
and CEpw values, thereby enhancing the material weldability.
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2.3.3 THERMO-MECHANICAL CONTROLLED PROCESSING FOR HIGH STRENGTH PIPELINE
PLATE MATERIAL

Thermo-mechanical controlled processing (TMCP) of steel incorporates the thermo-
mechanical rolling (TMR) of steel plates coupled with ACC. TMR is illustrated in

Figure 2-8; the repeated action of rolling, recovery and recrystallisation refines y grains
coarsened by slab reheating, but at high rolling temperatures rapid grain growth follows
the recrystallisation thereby negating the refinement; hence the requirement of effective
pinning agents such as titanium and niobium precipitates. Further rolling in the non-
recrystallisation and intercritical (two-phase) regions, however, greatly refines the
structure due to the increase in austenite grain-boundary area, alongside an increased
ferrite nucleation rate at the austenite grain boundaries. The presence of deformation
bands and annealing twins created by rolling at these lower temperatures also increases
the ferrite nucleation sites. The transformed ferrite grains also work harden due to the
resultant substructures, following in further refinement of the grain size. The TMCP of
steel can be divided into two main types®®®: direct quenching and tempering, and
accelerated cooling (Figure 2-9). The former (often referred to as Type I) involves the
water cooling of plates close to room temperature via a high cooling rate; tempering is
usually required after the initial processing to obtain the appropriate ductility and
toughness. The latter method (often referred to as Type II) involves water cooling at a
moderate rate in the transformation region only; air cooling can then be employed,
resulting in a self-tempering effect which provides excellent toughness and ductility
without the need for a separate, time consuming and expensive tempering stage. It is
this method that is employed in the production of pipeline steels in view of the balance
between mechanical properties and productivity.

The main stages for TMCP can be divided into three major areas, each of which have

their specific control parameters‘“’:

Main Control Parameters

Slab reheating Reheating temperature
Holding time

Rolling Cumulative reduction in the recrystallisation region of y (down
to ~950°C) |
Cumulative reduction in the non-recrystallisation region of y
Cumulative reduction in the intercritical region (i.e. between Ar;
and Arl)
Finish rolling temperature

Accelerated cooling | Start temperature
Stop temperature
Cooling rate

The numerous variables highlighted above generate a highly complex situation for
property generation when taking into account the chemistry variations possible,
alongside the desired plate thickness. Linepipe manufacturers have experimented with

various development routes, some of which are examined below in the generation of
TMCP 690 MPa minimum yield strength pipe steels.
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2.3.3.1 690 MPA (X100) YIELD STRENGTI{ LINEPIPE

By the mid 1980’s the development of an X100 grade material had been extensively
researched on a laboratory scale'”’, and in the early 1990’s a number of oil and gas

companies started project design studies based on this grade of material. As strength
levels rise 1t becomes increasingly difficult to attain the required low temperature
toughness. X100 steels are produced using a combination of closely controlled alloying
elements together with optimised TMCP technology. Both upper and lower bainite
microstructures have been reported as the major constituent in X100 research work, as a
result of the particular alloy and TMCP technology employed®’*?1%6458) The cooling

start temperature and subsequent cooling cycle play an extremely important part in the
microstructural development as shown in Figure 2-10%.

The way forward now comprised large scale mill trials, the like of which were taken up
by high quality pipe manufacturers in Western Europe and Japan. Typical stress strain
curves for low to high strength steels are shown in Figure 2-11 highlighting the increase
in yield to tensile ratio and reduction in overall elongation as the strength level is
raised®, Table 2-1 gives an overview of the chemistries, manufacturing routes and
resultant properties from four companies involved in the development of TMCP 690
grade steels. Although the chemistries and processing routes differ considerably, the
microstructures generated all exhibited a high proportion of bainite, with one
manufacturer® proposing a preference for upper bainite in conjunction with high
toughness. The latter is not normally associated with upper bainite (Figure 2-12) due to
the larger effective grain boundary (Figure 2-13), so the key to higher toughness
development lies in the refinement of the prior austenite grain size. Various researchers
have recognised the benefits of bainite in the microstructure of X100 grade linepipe.
Their description of the microstructure however varies from a ferrite-bainite structure!”
or a bainitic ferrite with small amounts of second phase''? to bainite with finely
dispersed martensite”. A bainitic microstructure gives rise to high strength with very
little sacrifice in toughness, and has-a superior strength/toughness balance to that of the
ferrite-bainite or polygonal ferrite-martensite types.

The traditional technique employed to produce lower bainite or martensite requires
considerable amounts of alloying elements, which consequently result in a large
deterioration of field weldability. Improvements in low temperature toughness are
therefore centred on efforts involving grain refinement (microalloying with e.g. Nb, Ti,
Al, Mg, V, B) together with optimised TMCP. This produces a reduction in martensite-
retained austenite (M-A) constituents (i.e. hard phases) by reducing overall carbon
levels and Pcn/CEnw. Lowering levels of phosphorus and sulphur and/or modifying
their morphology (eg. Ca treatment) reduces the possibility of centreline segregation
effects in continually cast slabs®. Specific improvements to toughness in the HAZ have
involved titanium oxide (T1,0;) particles which are stable above 1350°C, and are

therefore available to nucleate fine intragranular a on the transformation of y to a.
Above this temperature TiN particles dissolve, consequently losing their effectiveness

in controlling the y grain growth by boundary pinning. As the weld heating cycle will
involve temperatures adjacent to the weld metal rising in excess of 1450°C, the
presence of Ti;O3 particles enables the maintenance of high toughness HAZ’s. Low
carbon levels also show an improvement for HAZ toughness (Figure 2-14) due to a
reduction of M-A constituents and a consequent decrease in embrittlement (Figure
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2-15). The complex relationship between carbon content, carbon equivalent, accelerated

cooling rate and stop temperature for the attainment of X100 strength levels allow
varying routes to be taken, as illustrated in Figure 2-16.

2.3.4 MANUFACTURING PROCESSES FOR LARGE DIAMETER LINEPIPES

Large diameter (>24 in.) transmission pipelines are traditionally produced via three
main methods:

1/ UOE longitudinally seam welded
2/ continuous spirally welded
3/ continuous high frequency resistance welded

High strength (i.e. >X80), large diameter steel pipes produced from TMCP steels are
currently only made using the UOE process. The production route involves five main
processes: preparation, forming, welding, expansion and inspection/testing,.

Preparation starts with the edge planing and bevelling of the longitudinal plate edges
with parallel planers into a double ‘V’ shape in readiness for welding, thereby
generating the required plate width (i.e. pipe circumference) and bevel profile. The
forming operation firstly involves crimping (upsetting) of the plates to ensure the best
possible match during the O-pressing stage, then U-pressing and finally O-pressing (see
Figure 2-17). This is a process carried out at room temperature, thereby avoiding heat
treatment effects within the TMCP plate (except in the vicinity of the longitudinal seam
weld). The cold forming (and subsequent cold expansion) however modifies the
mechanical properties. The resultant work hardening and effect of the Bauschinger
phenomenon'’" particularly influences the pipe yield strength. During cold forming of

the pipe, the plate is subjected to bending in the transverse direction with the resultant
outside diameter in tension and the inner diameter in compression (a neutral axis exists

at plate mid thickness). The severity of the deformation is dependent on the ratio of the
plate thickness to the pipe diameter formed. It has been reported that the plate shows a
loss in yield strength after forming, with the magnitude of this loss dependent upon the
plate microstructure!’?. Ferrite-pearlite microstructures (i.e. typical X65 pipe) have been
observed to show a greater loss in yield strength than ferrite-bainite microstructures (1.e.
typical X80 pipe).

After forming, the pipe is first tack welded together using GMAW, with run-on/off
plates attached at either end of the seam line to ensure pipe wall thickness maintenance
and minimise the chance of end defects. Multi-head SAW is then used to form the seam
weld. A typical electrode current configuration would be DC/AC/AC/AC for a four wire
system; this would allow a welding speed of 2m/min for a 25mm WT pipe!"). The pipe
internal diameter is usually welded first, using a column and boom system to support
the welding head inside the pipe, followed by the external weld seam. The composition
of the seam weld metal in conjunction with the resultant HAZ properties are an
important aspect of the final pipe reliability due to the potential for defects and inferior
mechanical properties (notably toughness and hardness) being located here.
Consequently considerable research is undertaken in this area, especially in terms of

maintaining optimum microstructures in the base material HAZ after the welding
process“’m’M).
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The pipe is subsequently expanded to minimise out-of-roundness and out-of-
straightness effects resulting from the forming and welding processes. The inner and
outer diameters are subjected to various degrees of strain reversal, dependant on the
o’clock position of the pipe within the U/O press. The expansion leads to a change in
the yield strength; the degree of overall increase or decrease compared to the original
plate material can be explained by the Bauschinger effect, which in turn is dependent on
the plate microstructure and the rate of expansion (strain). Work carried out has
revealed that ferrite-pearlite steels did not show a large increase in strength and the
combination of forming and expansion resulted in an overall drop in yield strength!’).
Conversely, ferrite-bainite steels showed an overall increase in yield strength due to the
increase from expansion being greater than the losses due to forming. It has
subsequently been shown that a predominantly bainitic microstructure (i.e. X100) shows
an even greater increase in yield strength than a ferrite-bainite or ferrite-pearlite
microstructure.

The pipes are normally end-faced after expansion with a 30° bevel and 1.5-2.5mm
landing, ready for manual/semi-automatic welding. Non-destructive testing (NDT)
typically consists of hydrostatic testing, automatic ultrasonic testing of the longitudinal
seam weld, radiographic examination of the weld area at each pipe end, ultrasonic
inspection of the pipe ends and final visual inspection. Pipes are then marked to the

customers specifications, typically using laser or robot stencilling machines'’.

2.4 FIELD WELDING PROCESSES FOR TRANSMISSION PIPELINES

The welding of transmission pipelines in the field involves three main groups:
1/ Mainline welding on the right of way (ROW)

2/ Tie-in welding for river/road/rail crossings, branch connections, pipe diameter
reductions etc.

3/ Repair welding of NDT defects

Groups 1 and 3 occur both on and offshore, with the former comprising the bulk of the
welding requirement for any pipeline construction. Group 2 may occur offshore, but is
much more of a specialist operation than the onshore equivalent (the pipeline is either
raised for welding above water, or the whole operation is performed hyperbarically).
The significant cost of installing a pipeline requires that all construction operations are
carried out as quickly as possible, in conjunction with the often limited construction
season due to environmental considerations. Mainline welding consists of a large
number of repetitive welds typically every 12 or 18 m, dependant on the individual pipe
lengths. Welding is usually the limiting time factor during construction, as well as being
one of the major cost elements; alignment, welding and NDT typically account for 20%
of total laying costs; the remainder include ROW preparation, ditching, access and
materials'’"”, Consequently any improvement in welding speed (normally measured by
the number of joints completed per day) can make for a significant cost saving on long
distance pipelines. Of paramount importance is the compliance with the relevant
construction specification in terms of joint mechanical properties. This normally takes
the form of acceptance criteria to be reached through an initial (destructive) weld

procedure test for the type of weld, coupled with monitoring of each field weld (non-
destructive).
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The primary method used to weld pipelines in the early 1920’s involved the oxy-
acetylene process, and it was not until the late 1920’s that an electric arc in the form of
manual metal arc electrodes was utilised for this purpose'’”. The covered electrode,
originally developed in Sweden by Oscar Kjellberg in 1909"®, was the main method of
welding pipelines until the late 1970’s, typically involving a cellulose-based covering of
the wire electrode. This coating breaks down in the arc to provide a shielding
environment (hence shielded metal arc welding, SMAW). Short (i.e. <10 km) pipelines
. laid in the developed world customarily still use this process as the most economic
method of construction. Less developed countries may still use this process for longer
construction lengths due to the balance of mechanised equipment and labour costs.

The 1940’s saw the development of the continuously fed electrode wire welding
process, commonly known as metal inert gas (MIG) or gas metal arc welding (GMAW).
Increased productivity for the majority of welding situations provided the incentive for
its development. It was initially used for welding aluminium or other non-ferrous
metals, and required the development of electrode wire with low carbon and a caretull

balanced addition of deoxidising agents before it was acceptable for use with steels!’®,
The welding power source technology required considerable advancement to improve
the fusion characteristics of GMAW; power sources were originally relatively crude
devices converting the high voltage, low current input from the mains to the low
voltage, high current output suitable for welding. The discovery of dip-transfer (or
short-circuit) GMAW dramatically improved the applicability of the process for steels,
allowing positions other than those in the flat to be welded at low mean currents.
Sufficient stored energy to fuse the short circuit and re-start the arc several times a
second is essential, for which advances in the transformer-rectifier circuitry were
required. Prevention of explosive wire rupture alongside developments in shielding

gases improved the operating range of the process and mechanical integrity of the joint,
such that by the early 1960°s GMAW (or CO; welding as it was then known) was used
in onshore gas pipeline construction’”. Mechanised GMAW has followed its semi-
automatic forerunner, and together with SMAW remain the most widely used processes
for the girth welding of pipelines. FCAW, TIG, SAW and a number of so called one-
shot or hybrid processes are also used, some of which will be discussed in later sections.
These are dependent on the application, production requirement, economic viability and
quality required. |

24.1 GAS METAL ARC WELDING PROCESS AND POWER SOURCE CONSIDERATIONS

The conventional GMAW process and equipment are shown in Figure 2-18 and Figure
2-19. The process is characterised by an arc formed between the continuously consumed
electrode and the workpiece. Due to the small diameter of the wire (usually less than 1.6
mm), the current density is high, resulting in a high burnoff rate (several metres per
minute of wire are consumed). Traditional GMAW uses a constant voltage power
source (flat characteristic) which allows the arc length to remain steady even in the hand
of a manual operator, due to an electrical feature known as self-adjustment. If the arc
length should change (giving a change in contact tip to workpiece distance (CTWD) and
hence arc voltage) a corresponding change in arc current will occur such that the
burnoff rate will alter to oppose the original arc length change. Consistency in operation
is achieved due to the burnoff rate being considerably higher than the rate of change of
CTWD. This advantage coupled with the ability of the small diameter wire to be pushed
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(or pulled) through a {flexible conduit makes the process ideally suited for
mechanisation.

GMAW is virtually always carried out using a DC power source, with the consumable
electrode polarity usually positive due to the improved arc stability. Some tubular wires
have been developed to run DC-ve, which consequently benefit from the higher
deposition rates allowable with this polarity'’®. Helium (in the USA) and Argon (in
Europe) were initially used to provide the necessary shielding from the atmosphere, but
the relatively high cost and poor performance of totally inert gases saw the introduction
of carbon dioxide in the 1950°s"®), with the resultant process termed metal active gas
(MAG) or CO; welding. The weld quality improved further with combined mixtures of
inert and active shielding gases, some of which will be reviewed in a later section.

The welding power source is a continually developing item and for DC welding the
transformer-rectifiers exist with various forms of power regulation.

2.4.1.1 CONVENTIONAL REGULATION AND RECTIFICATION.

A transformer-rectifier consists of three basic components: the transformer (usually for
a three phase supply), a regulator (current control device) and the rectifier!’®. The
regulation is usually achieved by either a moving iron transformer, moving coil
transformer, tapped reactance or magnetic amplifier®. Conventional diodes in the
secondary circuit are used to rectify the current. The resultant output characteristics are
fixed at the design stage, exhibit a slow response time and usually have no mains
stabilisation. The costs are however low, with the equipment robust and reliable.

2.4.1.2 SILICON CONTROLLED RECTIFIER PHASE CONTROL

The transformer-rectifiers described above can employ silicon controlled rectifiers
(SCR’s) to regulate the voltage output. These devices may be regarded as switchable
diodes; they only conduct in the forward direction when a signal is applied to the gate
connection, and under normal circ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>