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Construction of reliable, economically feasible and ice-capable vessels and structures for
the Arctic has been a subject of great interest in recent years, in spite of the concerns that
the undertaking clearly faces profound technical difficulties. One of the technical
challenges for modern Arctic shipbuilding is to produce high-quality welds, due to the
fact that a weld is usually the weakest part of any structure. Welding is especially difficult
for the high strength steels (HSS), which are used in shipbuilding for weight-reduction
purposes. The submerged arc welding (SAW) process is one of the most commonly
applied welding processes in shipbuilding, because of its high productivity and the
outstanding quality of the resultant welds.
The objective of the thesis is to explore the usability, development possibilities and
parameters of high deposition rate SAW processes and their modifications for welding of
thick cold-resistant HSS plates typically used in Arctic shipbuilding applications.
Meeting this objective required in-depth understanding of the welding and material
science background, which includes the quality requirements of welded joints intended
for Arctic service as described in various standards (ISO 19906; ASME 31.3; Norsok M001 and Russian Maritime Register of Shipping), properties of cold-resistant HSS and
description of testing methods used to validate welding joints for low temperature
conditions.
The thesis is based on two research methods: literature review and experimental work.
The SAW process and welding requirements, cold-resistant HSS and the Arctic operating
conditions and challenges from the engineering perspective are first studied. A literature
review of materials and welding requirements for Arctic applications according to various
standards, experimental testing of advanced SAW processes and assessment of their
suitability for application to Arctic conditions, examination of the effects of the SAW
process on HSS for Arctic service, and a proposed suitable range of parameters for
welding HSS for Arctic conditions was carried out.
Based on this analysis, it became possible to design and conduct experiments to present
new experimental data that improve understanding of SAW process and its modifications
to weld thick quenched and tempered (QT) and thermo-mechanically processed (TMCP)
HSS plates. Experiments were conducted to develop high deposition rate SAW welding
procedures of modified SAW (conventional single wire, tandem wire welding, and three-

wire and four-wire arrangements) to weld several thick (12–35 mm) high strength (580–
650 MPa tensile strength) cold-resistant (intended operational temperature -40°C 60°C) steel grades, i.e. E500, F500W, X70 and AB2. The welds were evaluated by a wide
range of industrial tests: analyses of chemical, microstructural and mechanical properties;
hardness tests; and cold resistance evaluation tests: the Charpy V-notch impact test, the
Nil-ductility transition temperature (NDT) test, the three-point bending (Tkb) test and the
Crack tip opening displacement (CTOD) test. Acceptable welding parameters and
recommendations were developed, and the results of the experiments show that highquality welds can be obtained using heat input up to 3.5 kJ/mm.
This thesis provides a practical approach and clarifies the difficulties to SAW process
parameter selection for welding thick HSS plates intended for Arctic shipbuilding
applications. The experimental results can be directly adapted to industrial applications,
and the theoretical observations can be used to gain deeper understanding of state-of-theart of SAW processes and its novel developments.
Keywords: Submerged arc welding, thick plates, high strength steels, Arctic conditions,
shipbuilding, advanced SAW processes, cold-resistance steels, heat input
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1 Introduction
This doctoral dissertation describes research that was completed in the Laboratory of
Welding Technology of Lappeenranta University of Technology as efforts to advance
submerged arc welding of high strength steels for Arctic applications.
The largest part of the work was completed during the ENPI CBC 2012-2014 project
titled “Arctic Materials Technologies Development”, funded by the European Union, the
Republic of Finland and the Russian Federation (Lappeenranta University of Technology,
2014). Lappeenranta University of Technology was the leading partner in the project and
the second major partner was the National Research Centre “Kurchatov Institute” Federal
State Unitary Enterprise “Academician I.V. Gorynin Central Research Institute of
Structural Materials PROMETEY”. Other partners were Arctech Helsinki Shipyard Oy,
Stalatube Oy and Kemppi Oy, which were partly involved with welding work and
research. Russian shipyards JSC “Admiralty Shipyard”, JSC “Baltiysky zavod” and JSC
“Severnaya Verf” took part in several seminars and research activities.
The research approach of this work is both literature review and experimental work. An
in-depth review of the topic was conducted, that shed light on various aspects and
problems of SAW for HSS steels for Arctic applications. TMCP and QT steels and
specific characteristics of the welding procedures and their parameters were explored
both theoretically and experimentally. Four grades of steel (E500, F500W, X70 and AB2)
were welded with different SAW modifications (conventional single wire, tandem wire
welding, and three-wire and four-wire arrangements) and thicknesses (12–35 mm), and
the resultant welds were tested according to European and Russian standard tests to
evaluate the cold-resistant properties of the welds.
The study is valuable for industry and academia as it provides a comprehensive overview
of the topic of submerged arc welding and its modifications for welding thick high
strength steels for Arctic applications from both the practical and theoretical perspective.
Some results of the experiments can be directly adopted in industrial applications, and the
theoretical observations can be used to develop and improve knowledge of the topic
further to gain deeper understanding of state-of-the-art of SAW processes.

1.1 Motivation
In 2012, when this research work has started, Arctic engineering was experiencing rapid
growth and development, with particular interest in structures related to oil and gas
production (Anderson, 2010). The development was driven primarily by high price of oil,
and secondly by considerable progress in the development of wind energy turbines, which
made them suitable for Arctic operations. Currently, there is a lull in interest in Arctic
engineering as oil prices are low. However, oil and gas operations are not the only area
in which Arctic engineering practices and approaches can be applied. The Arctic has
considerable green energy potential, new feasible transportation routes such as the
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Northern Sea Route and Northwest Passage. The Arctic area has valuable resources in
addition to gas and oil.
Welding is a key aspect of Arctic engineering, as many dramatic failures occur due to
improper welding procedures and methods. Nowadays, one of the most used welding
processes for demanding applications, such as offshore structures and shipbuilding is
Submerged Arc Welding process. In order to achieve defect free high quality weld, it is
important to identify suitable SAW parameters. The development of SAW can make
progress leading to more efficient, cheaper and higher quality engineering applications
for the Arctic.
Scopus records indicate an increase in the number of publications on the topic of SAW
over recent years, with particularly rapid growth in 2011, as can be seen in Figure 1.1.
This increased research interest is most likely associated with recent innovations in power
source controls and modelling methods, and greater demand for welding of thick high
strength steel plates and pipes (Odessky, 2006). As the underlying drivers of this research
interest remain unchanged, it can be expected that the growth in the number of
publications will continue, despite the lower numbers in 2015 and 2016. As noted in
Publication V, Scopus data is updated with a considerable delay, and it is likely that the
actual number of publications on the topic in 2015 and 2016 is much higher than shown
in Figure 1.1.

Figure 1.1: Scopus records with the query “(TITLE ( "submerged" ) AND TITLE ( weld* ))”.

Personal motivation for this thesis arises from the rare and unique opportunity that I was
given to be involved in both Finnish and Russian research activities during the joint
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project. In the course of the project I worked with both Finnish and Russian experts. This
work included participation in seminars and discussions, obtaining information about
standards, procedures and recommendations in both countries. Both countries have
considerable research and practical experience in engineering structures intended for
operation in the Arctic area. Therefore, this work attempting to combine knowledge from
both countries and promote development of this field, specifically, to improve submerged
arc welding of high strength steel for Arctic conditions.

1.2 Research Background
The research background of the thesis clearly indicates that this work requires in-depth
understanding of three main aspects: Arctic operating conditions from the engineering
perspective; high strength steels and their characteristics; and the submerged arc welding
process and its parameters. Below each of these aspects is considered in details.

1.2.1

The Arctic area and its operating conditions and challenges from the
engineering perspective

Arctic areas hold enormous natural resources, such as oil, minerals and natural gas.
Moreover, the strong winds in Arctic areas provide outstanding opportunities for the wind
power industry (Lancaster, 1997). Additionally, Arctic development is gradually opening
new transport routes, which can potentially bring substantial economic benefits (Song &
Lee, 2014). There is consequently a strong interest in developing the region despite the
hazardous conditions. A map of the Arctic presenting production sites and sites under
development and areas of interest is given in Figure 1.2.
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Figure 1.2: Arctic map of production sites and areas of interest, based on data from (Ahlenius,
H., UNEP/GRID-Arendal, 2008), (Anderson, 2010), (Gautier, et al., 2009), (Roto & Sterling,
2011).

Structures and vessels used in the Arctic region have to be able to withstand the extremely
low temperatures in the region, which can drop even below –60°C (Serreze & Barry,
2005). The Arctic temperatures are not dangerous for metal structures over short periods
of time; however, prolonged periods of relatively low temperatures are the cause of
numerous serious accidents (Kaushish, 2008). Strong winds of about 5-15 m/s and up to
50 m/s also affect working conditions (Przybylak, 2003). A further pertinent aspect of
Arctic conditions is the fragile ecosystem, which results in rather high reliability
requirements for offshore structures and vessels. Additionally, some Arctic regions are
seismically active, for example Laptev Sea, Beaufort Sea, Greenland Sea and Baffin Bay,
which contributes dramatically to the already severe conditions (Avetisov, 1996),
(Schlindwein, et al., 2015).
Due to the remoteness of Arctic locations, construction cost penalties increase
tremendously with increased weight of construction materials and equipment, and there
is thus demand for lightweight structures and weight reduction in Arctic maritime vessels
and installations. Most large-scale engineering machinery and structures for the Arctic
are related to the oil and gas industry. Other emerging industrial applications in the Arctic
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are wind farms and other renewable energy structures (National Research Council
Committee on Offshore Wind Energy Turbine Structural and Operating Safety, 2011).
The wide-ranging challenges associated with operations in the Arctic area can be
summarized around three main issues. Firstly, limited experience of Arctic oil and gas
projects has resulted in poor alignment of standards requirements for materials and
manufacturing processes. Secondly, limited data on the Arctic climate and its variability
has resulted in high reliability requirements for operations in the Arctic as well as
considerable uncertainty about operational conditions. Finally, economic feasibility of
industrial projects such as oil and gas exploitation is a critical issue which calls for more
efficient materials and fabrication processes. These challenges as they pertain to the
subject studied in this thesis are reviewed in detail and possible solutions are offered.
Graphic representation of these challenges is presented in Figure 1.3.

Figure 1.3: Key challenges in development of industrial projects in the Arctic region.

Limited experience of Arctic oil and gas technology has lead to uncertainty of standards
requirements for Arctic applications (over- or under-estimation). For example, the newest
standard ISO 19906:2010 does not include Arctic-specific material selection
requirements but refers to other standards such as ISO 19902 and material-related
standards like EN 10225, Norsok M 101 or API 2W. It should be noted that the required
material properties and necessary test procedures differ considerably across these
standards.
Limited data on the Arctic climate and its variability has resulted in poor understanding
of loads and other factors affecting offshore platforms and vessels. For example, ice
mechanics is a rather complex discipline and large amounts of data are required in order
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to make realistic predictions of ice behavior. Additionally, the fragile Arctic ecosystem
demands high reliability from offshore structure and vessels to decrease the chance of any
oil spills or other industrial accidents, which can have very serious, possibly irreparable
consequences for the Arctic environment.
The economic feasibility of industrial projects such as oil and gas exploitation is always
a major consideration. The costs of developing industrial operations in Arctic areas are
high and companies are consequently interested in reducing expenses by utilization of the
newest materials and most efficient welding techniques. The greatest property challenge
for welded Arctic materials is obtaining a ductile heat affected zone at low temperatures.
The low temperature toughness of the HAZ can be improved by reducing the carbon
content in the steel or by applying advanced welding processes.

1.2.2

High strength steels for shipbuilding and offshore applications

In many industrial installations and transportation activities, there is a tendency to use
steels of higher strength to reduce the thickness of the steel plates used (by up to 30-50%)
and therefore the weight of the structure, without sacrificing strength or weldability,
which allows easier transportation and installation, making the structure more costefficient (Viano, et al., 2000). Currently, industrial Arctic offshore stationary structures
and floating drilling units typically use steel plates up to 70 mm thickness, although some
elements can be up to 130 mm in thickness. Icebreakers are built from plates of
thicknesses up to 60-70 mm (Ilyin, October 2013).
The most common high strength steel (HSS) types, i.e. steels with yield strength more
than 350 MPa are thermo-mechanically controlled processed (TMCP) steel and quenched
and tempered (QT) steel. TMCP is currently in the research spotlight because, for the
same mechanical properties, TMCP steel has a lower carbon equivalent (Ceqv) than QT
steel. The carbon equivalent level correlates with weldability; the lower Ceqv, the better
the weldability.
Requirements for materials and welds for the Arctic are discussed in detail in chapter 3,
this section provides a brief introduction to steel property requirements for a typical
offshore structure.
Different parts of a structure or vessel usually have different requirements for its
materials. An offshore platform is a complex assembly consisting of many parts with
different functions. Therefore, a wide range of materials with different properties is
employed. The parts of an Arctic offshore platform can be classified into elements with
special requirements, general construction elements, and secondary construction elements
(Novitsky, et al., 2009). The elements with special requirements are responsible for the
overall strength of the structure and need to be capable of withstanding heavy loads. Such
elements include, for example, waterline construction elements, ice-resistant girders,
connection elements of platform body parts, and elements whose cross-section area
changes considerably. The general construction elements are used to provide overall
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strength to the platform and ensure the safety of operations. These elements include the
outer cover plates of body parts, structural frame beams, general deck cover plates and
bulkhead covers. The secondary construction elements do not significantly influence the
safety and operating conditions. Typical elements in this group include internal elements
that are not related to the overall strength of the platform and the secondary set of covers
and flooring.
Materials for the most critical and important parts of offshore structures require special
attention, whereas selection of materials for other parts is less critical. In addition to
having the necessary strength, materials for critical and important parts of offshore
structures need to be able to withstand rigorous operation conditions, as can be seen in
Figure 1.4.

Figure 1.4: Environmental conditions experienced by an offshore platform in the Arctic region,
based on data from (Khaustov, 2006).

Different parts of the structure experience different environmental conditions and thus
materials for offshore structures have to meet a variety of requirements. For example,
upper deck metal may be subjected to temperatures as low as -60°C, while the supporting
legs have to withstand only -2°C underwater but are confronted with a harsh corrosive
environment and biofouling. These usage conditions should be examined closely when
materials are being selected.
Parts located above the waterline experience extremely low temperatures, down to -60°C,
a moderately corrosive environment (sea air) and various loads. These parts have to meet
the following criteria (Gorynin, et al., 2007), (Odessky, 2006):
Low temperature toughness down to -60°C.
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Yield strength requirements up to 690 MPa.
Isotropy of properties across material dimensions to ensure high strength.
Resistance to brittle fracture at low operation temperatures.
Reasonable weldability with minimal preheat and postheat temperature required
to ease the assembly process.
Moderate corrosion resistance in sea air.
Capability to withstand static and dynamic wind and wave loads according to
the operational parameters.
Materials of the ice-resistant girder located at the waterline face the toughest challenge;
since they need to be extremely strong to protect the structure from floating ice and at the
same time they need to operate safely in the constantly changing temperatures at the
waterline. The most important criteria for these materials are:
Ability to withstand large impact loads due to interaction with ice.
Low temperature toughness down to -60°C.
Isotropy of material properties across dimensions.
Resistance to brittle fracture at low operation temperatures.
Moderate corrosion resistance in seawater.
Capability to withstand static and dynamic wind and wave loads according to
the operational parameters.
Nowadays, clad steels are often employed in these applications because of their
outstanding combination of properties such as cold and corrosion resistance. Clad steels
are capable of withstanding such harsh conditions for longer periods of time and are
comparable to expensive grades of steel such as 316L. Essentially, clad steel combines
the advantages of the component materials but it is relatively expensive and has certain
production limitations. An example of clad steel suitable for Arctic conditions is steel
F36SZ , which has F36SZ as a substrate and a clad layer from 316L or 317LN. These
steels show considerably better corrosion resistance over several years compared to plain
steel F36SZ (Khaustov, 2006).
The last group of materials are placed underwater and therefore operation temperatures
only as low as -2°C need to be taken into consideration. Nevertheless, these materials can
be considered as operating under severe conditions, since the salinity of Arctic seas is
high and causes a high rate of corrosion. The underwater parts of an offshore platform
also have to be resistant to biofouling. Most importantly, however, these parts are
responsible for the reliability and stability of the construction and experience the highest
loads. These parts have the strictest material requirements in terms of toughness and
strength. General requirements are the following:
Yield strength requirements up to 890 MPa.
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Isotropy of properties across material dimensions to ensure high strength.
Reasonable weldability.
Strong corrosion resistance in sea water (can be substituted by an appropriate
coating).
Capability to withstand static and dynamic loads according to the operational
parameters.

1.2.3

Basic principles of the submerged arc welding process

Welding for cold conditions has been a subject of interest in Finland and Russia for many
years and a lot of research has been done. However, the introduction of new materials and
thicker plates brings new challenges. A range of advanced and conventional welding
processes have been used for the construction of Arctic structures. In the context of the
strict strength criteria and thick plates and tubes demanded of Arctic structures and icegoing vessels, a welding process with a high deposition rate is extremely beneficial, as it
reduces the time (number of welding passes) and the cost of manufacturing (Farhat,
2007). SAW and its different modifications meet the need for a high deposition rate, and
the SAW process is more profitable than gas metal arc welding (GMAW) for large
thicknesses, as well as demonstrating excellent weld quality (Ehrlenspiel, et al., 2007).
Nevertheless, welding of 20-40 mm thick high strength steel (HSS) plates presents a
number of challenges, such as overcoming the tendency for brittle failure and decreasing
the welding time (Horii, et al., 1995). An increase in the deposition rate of SAW can be
achieved with various different approaches, such as using higher heat input by increasing
the current, increasing the speed of travel while keeping heat input at a similar level,
welding with a longer wire extension length, using multiple electrodes, and adopting the
narrow gap (NG) technique or SAW with metal powder addition. Figure 1.5 illustrates
the welding process window and possible defects of welds of QT steels.
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Figure 1.5: Heat input during welding: Effects on quenched and tempered steels (Milsons Point,
1985).

Apart from the need to obtain a defect-free weld with adequate hardness, there are
numerous other challenges when welding for Arctic conditions, such as prevention of the
formation of brittle fractures in the weld and base material. More information on SAW is
presented in Chapter 2.

1.3 Objectives and focus
The objective of this work is to find optimum parameters for submerged arc welding of
currently used and new thick high strength steel plates intended for low-temperature
service and to find ways to increase welding productivity without detrimentally affecting
the welding quality. The various parameters used in the experimental work are
summarized in Table 1.1. More precise information is given in Attachment A.
Table 1.1: Parameters used in the experiments.

Parameter type

Variations of the parameter

Processes and modifications Conventional SAW process, tandem SAW, three-wires
SAW and four-wires SAW.
Heat inputs

2.5-7.7 kJ/mm

Welding consumables

Wires:

Fluxes:

OE-S3MoTiB,
Sv- OP 132, ESAB OK 10.62,
48AF-60, LW761
10GNA, Sv-08GSMT,
Steel grades

X70; F500W; E500; AB2

Thicknesses

12-35 mm

Welding seam preparations

X 80°; K 45°; I; V 45°

Conducted tests

For base metal:

For weld metal:

Tensile strength test
Charpy test
CTOD test
NDT test
Tkb test

Tensile strength test
Charpy test
CTOD test
Bending test
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1.4 Research questions
The thesis aimed to find answers to the background and primary research questions listed
below.
Background research questions:
a. What are the materials and welding properties requirements of Arctic
applications? [This question is addressed in publications IV, VI, VII.]
b. What are the main fields of research/problems in welding science that are
specifically relevant to low temperature applications? [This question is addressed
in publication V.]
Primary research questions:
1. What characteristics of advanced SAW processes make such processes suitable
for application in Arctic conditions? [This question is addressed in publications I,
II.]
2. How does welding affect the HSS and what range of welding parameters is
suitable for Arctic service? [This question is addressed in publications I, II, III.]

1.5 Overview of the work
Chapter 1 is an introduction to the thesis; it gives the motivation for the work and
presents background information about the topic, as well as the research questions and
objectives. The background of the thesis is described from three points of view: Arctic
area operating conditions; high strength steels used in offshore operations; and basic
considerations for submerged arc welding for Arctic operations. This chapter also
includes a section about the impact of the work on society and the environment.
Chapter 2 describes the state of the art of submerged arc welding. This chapter starts
with a brief history of this welding process and then continues with a detailed description
of its applications. The next subchapter gives an overview of various SAW parameters
and their influence on the welding outcome, as well as some recommendations for setting
correct parameters. The concluding subchapter presents the most common modifications
of SAW and their characteristics. The applicability for Arctic shipbuilding of these
modified approaches is also discussed.
Chapter 3 provides an overview of properties requirements of steels and welds for Arctic
applications. This chapter describes types of HSS and features that are especially
important for low-temperature service. Additionally, typical welding problems for lowtemperature applications are described and explained.
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Chapter 4 describes commonly used tests for Arctic conditions, such as the Charpy test,
crack tip opening displacement test, nil-ductility test and three-point bending test Tkb.
Acceptance criteria and other parameters are explained and illustrated for each test
procedure.
Chapter 5 presents an overview of the seven publications forming the main body of this
thesis, describing the research questions and key results.
Chapter 6 briefly gives recommendations for future studies on the topic.
Recommendations include ideas for additional tests and process parameters to be
explored.
Chapter 7 presents the conclusions of the thesis, summarizing the results of the
conducted experiments and theoretical observations.

1.6 Impact on society and the environment
The aim of this work is to develop welding process parameters that will guarantee
acceptable mechanical properties and increased efficiency in welding for Arctic
environment applications. Achieving this goal will clearly have an impact on society and
the environment. This impact encompasses several areas, for example, the effect on
industrial development in the Arctic region as a whole, and the effect of such industrial
development on the Arctic environment and Arctic societies.
Development of Arctic areas is a controversial activity. On one hand, it opens new
possibilities for energy production (both fossil fuels and renewables) and transportation,
on the other hand, as the Arctic ecosystem is extremely fragile, it may suffer from the
development. Additionally, taking into account the remoteness of Arctic operations and
the scale of economically-feasible industrial projects in the area, there is clearly a risk of
irreparable large-scale disaster. Therefore, development of Arctic areas should be done
with extreme caution and include comprehensive in-depth risk management (Barnea,
2014). In this context, the current work enhances the likelihood of development of Arctic
regions with possibly contradictory outcomes.
It is obvious that industrial companies involved in Arctic welding operations will benefit
from research that can enhance the quality of welds and improve efficiency. Furthermore,
the development of effective and reliable welding processes for Arctic applications will
provide more employment opportunities and promote safer operations in the Arctic.
Indigenous peoples and societies living in Arctic areas are very sensitive to influences
from outside, and the lifestyle and culture of these peoples have already changed
considerably. Societal change and development is an inevitable process (Barnea, 2014).
The developed technology can provide more reliable and safer ways to build engineering
structures in the Arctic, and ultimately enhance the development of societies in the Arctic,
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by offering alternative lifestyles or assisting in the maintenance of traditional lifestyles
by reducing the likelihood of catastrophic environmental pollution.

1.7 Limitations and scope
The limitations of the study can be found in two major areas: the limited number of
experiments and the lack of a numerical or mathematical model which would allow
reliable generalization of the results of the dissertation to other steel grades and welding
parameters.
The current work is based on several papers, which describe five experiments done with
different grades of steels (X70; F500W; E500; AB2), various welding parameters, groove
preparations (X, K, I, V) and thicknesses (12-35 mm). The limited range of welding
parameters studied does not permit broader recommendations to be given for other grades
of steels, thicknesses and variables. It would be very interesting to study thicker steels
and explore other possibly significant parameters of SAW. However, experiments are
expensive and complex, especially in the case of experiments for Arctic conditions, which
require a large number of tests to be carried out to ensure suitability and safety for critical
applications.
This work features no mathematical model/simulation, as it was not a priority of the
current work. It would be interesting to develop such models in the future, to allow
prediction of weld properties based on input parameters.
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2 State of the art of SAW
The submerged arc welding (SAW) process is one of the most cost-efficient processes for
welding thick steel plates currently available. The SAW process constitutes about 10% of
welding industry operations (Odessky, 2006). The SAW process is classified in ISO 4063
by reference “121 - Automatic, arc submerged in granular flux”. SAW is a frequently
used welding method in shipbuilding, as it provides high productivity (this work uses the
deposition rate as an indicator of productivity) and delivers excellent weld quality (Kiran,
et al., 2012), (Almqvist, et al., 1978). Figure 2.1 presents a schematic of the key features
of SAW.

Figure 2.1: Submerged arc welding process. Adapted from (Sudnik, et al., 2013).

Typical welding parameters for SAW are:
Welding current: 300-1200 A.
Arc voltage: 25-40 V.
Welding speed: 0.5-3 m/min.
Productivity: 5-100 kg/h.
Welding polarity: AC, DCEP, DCEN or a combination of these polarities.
(Direct current is used for most applications that employ a single arc with
thicknesses up to 20-30 mm.)
Up to 6 welding wires in one welding pool.
Submerged arc welding provides sufficient penetration and can be operated at high speed,
which both contribute to the increased productivity of the process. The granular flux,
which covers the welding seam during the welding, leads to a smooth and uniform weld
appearance as well as to an absence of spatter, fumes and smoke. However, these benefits
come at a cost of an inability to observe the arc and weld formation during the welding
process. Operators do not require sophisticated special skills or protective clothing as
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there is no visible arc nor arc flash. SAW is also suitable for robotic operations. The
granular flux used in SAW generally limits the process to mostly flat positions, as
otherwise flux cannot be fixed in the weld zone. SAW features high consumption of filler
wire, which is a consequence of the high heat input. High heat input and consequently
slow cooling time can result in welding defects when welding QT steels. High heat input
during welding helps to compensate for any misalignments or fit-up problems. The SAW
process is mostly limited to relatively large thicknesses (more than 10 mm), as with high
heat input there is a considerable risk of burn through on thin materials. SAW is used
predominantly for welding steels, as flux for other materials has not yet been developed.
Automation and mechanization of the process is easy and commonly employed.

2.1 Submerged arc welding history and fields of applications
2.1.1

History

Submerged arc welding was invented and patented almost 100 years ago at the end of the
1920s. There are many controversies about the origin of this welding method (McNeil,
2002), (Weman, 2011), (Weman, 2004), (Nikolaev, 1978), which might be related to the
importance of the welding process to military applications, and therefore secret
developments. The patents for SAW were filed almost simultaneously in the former
USSR by D. A. Dulczewskij (published on 31.07.1929) (Dulczewskij, 1929) and in the
USA by B.S. Robinoff et al (published on 18.11.1930) (Paine, et al., 1930). Dulczewskij’s
patent describes welding of copper and proposes the use of charcoal, sawdust, soot and
starch as a flux powder. Robinoff’s patent titled “Method of welding” proposes a flux
powder consisting of 63-76% SiO2 and 13-21% of Al2O3. Both patents are shown in
Figure 2.2 a and b.
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b

Figure 2.2: First patents on SAW. a – USSR patent for SAW, number 10578 (Dulczewskij,
1929); b – US patent for SAW, number 1 782 316 (Paine, et al., 1930).

Five years later, the US patent was sold to Linde Air Products Company, which further
developed the process and filed a new patent, number 2 043 960, in 1935. The new
process was capable of welding thick plates (30-50 mm) with welding speeds up to 10
meters per hour (Baranow, 2013). Three years later, K.K. Chrenow from the USSR
developed ceramic fluxes for submerged arc welding (Potapov, 1979), and in 1939, the
Electric Welding Institute of the USSR presented a high-speed submerged arc welding
process that was capable of achieving welding speeds of 32 meters per hour. One of the
most famous applications of SAW at that time was manufacturing of the T-34 tank, whose
welding was eight times faster than the previously used shielded metal arc welding
(Baranow, 2013). In Germany, the SAW process was referred to as Ellira (Electro-LindeRapid) welding, and Tannheim showed in 1942 that the extent of shunting of the welding
current by the slag is negligible (Tannheim, 1942). In the USSR, Paton and Makara (Paton
& Makara, 1944) showed by experiments that the fraction of slag current does not exceed
1–2% (Sudnik, et al., 2013).
The wide range of industrial applications of SAW in the following decades resulted in
rapid development of the welding method. Numerous new approaches and modifications
of SAW were created such as: multi-head welding, flux cored arc welding, welding with
metallic powder addition, welding with a strip electrode and with a cored strip electrode,
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welding with a cold and hot electrode, narrow-gap welding, AC/DC submerged arc
welding, and hybrid laser submerged arc welding (Turyk & Grobosz, 2014). Additionally,
SAW found utilization in surfacing. The consumables (both welding wire and flux) have
been considerably improved and developed. As well as welding steel, submerged arc
welding has been applied to welding other materials, such as aluminium, copper and
titanium alloys.

2.1.2

Applications

Since the time of its development, SAW has been extensively used for many applications.
Most commonly, SAW is used in a mechanized or automated process, as human real-time
control of the welding process is hard, since the arc is not visible under the layer of flux.
One of the main advantages of SAW – high deposition rate and excellent weld quality
(due to slower cooling rates because the weld is covered by the flux) makes it an ideal
welding process for thick plates or pipes. High quality welds are required for offshore,
wind energy and nuclear energy applications. SAW is used for longitudinal and
circumferential butt and fillet joints welded in the flat and horizontal positions. In the case
of circumferential joints, the welded pipe is slowly turned under stationary welding
equipment, consequently, welding is carried out in the flat position. As other welding
processes, SAW can be carried out using a single or multi pass procedure. The multipass
approach can be used to weld any thickness, with no particular limitations. SAW is most
commonly utilized for welding structural steels and stainless steels. It is also used for
surfacing and buildup work, maintenance and repair. The main applications of SAW are
listed in Table 2.1.
Table 2.1: Applications of SAW.

Civil construction: Beams, Cranes: Normal strength Offshore: Constructions,
bridges, buildings
steel, High strength steel
Process equipment
Pipelines

Pipe mills: Longitudinal, Power generation: Boilers,
Spiral
Nuclear

Pressure vessels: Joining, Process
industry: Shipbuilding: Butt and
Surfacing
Hydrocrackers, Pulp and fillet welding, Handling
equipment
paper
Storage tanks: Chemical Transport: Beams for Wind energy: Monopiles,
tanks, LPG tanks, Oil tanks trucks and rail cars, Heavy tri-pods, jackets, Towers
equipment, Wheels
Most operations in the Arctic area intended for resources extraction, renewable energy or
transport, and some of the structures or vehicles mentioned in Table 2.1 are required.
Currently, the demand for wind tower foundations is steadily rising, and SAW processes
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are most often used to manufacture such structures (Federal Maritime and Hydrographic
Agency (BSH), 2007). However, structures and machines for the Arctic have to be
specially designed and constructed keeping in mind the harsh operating conditions.
Submerged Arc welding is widely applied for fabrication of Arctic structures due to the
superb quality of the weld and the high productivity. Currently, almost all of the
applications listed in Table 2.1 can be found in the Arctic region, with shipbuilding,
offshore structures and pipelines being especially important applications.

2.2 Submerged arc welding process parameters
The SAW process procedure functions through the medium of the fumes and gases that
are formed during the arc burning process and create an enclosed gas region around the
arc. Some additional pressure, which is created during expansion of the gases, moves
molten metal in the opposite direction to the welding direction. Therefore, only a thin
layer of metal is preserved directly below the arc. These conditions can guarantee
sufficient penetration depth. As the arc is burning in a cavity, which is isolated from the
outer environment, losses of heat and metal are rather small.
Major process parameters and their effects are presented in Table 2.2. Input SAW
parameters can be divided into fixed and variable, which are resulted in output
parameters, as it is illustrated in Figure 2.3. Submerged arc welding process parameters
are reviewed in more detail in Chapters 2.2.1-2.2.8.

Figure 2.3: SAW process fixed, variable and output parameters.
Table 2.2: Effect of welding parameters on welding process outcome (Tewari, et al., 2010),
(Pandey & Shukla, 2012).

Arc voltage
Heat Input

Positive correlation

Current
Positive correlation

Welding speed
Negative
correlation
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weld

Negative correlation

Positive correlation

Negative
correlation

Width of weld
bead

Positive correlation

Positive correlation

Negative
correlation

Penetration

Negative correlation

Positive correlation

Dilution

Positive correlation

Positive correlation

Correlation is not
observed/no data

Positive correlation

Negative
correlation
Negative
correlation
Correlation is not
observed/no data

Positive correlation

Correlation is not
observed/no data

Excess
metal

Melting rate
Risk of arc blow

2.2.1

Positive correlation

Arc voltage

The arc voltage has an influence on the arc length, flux consumption and properties of the
weld metal. The most prominent effect of increasing the arc voltage is an increase of the
width of the weld. The weld bead profile appearance with various voltage settings is
illustrated in Figure 2.4.

Figure 2.4: Bead profile as a function of the arc voltage, other parameters are kept constant
(Weman, 2007).

Increase in arc voltage increases the arc length, therefore a higher amount of heat is used
to melt the parent metal and flux, as a result of which more alloying elements enter the
weld metal, and therefore more flux is consumed. Arc voltage value has almost no effect
on penetration depth (Weman, 2007). Too high or too low voltage can cause
discontinuities in the weld.
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Welding current

The depth of penetration and the amount of material deposed from the consumables is
proportional to the welding current. Current has a direct influence on the dilution rate,
namely on the amount of parent metal that is melted. Too high current causes additional
welding wire consumption by creating high reinforcement of the weld. Low current
causes defects and affects the arc stability. An increase in welding current, primarily the
trail wire current (in tandem SAW), tends to reduce the cooling rate inhibiting the
formation of strengthening phases such as acicular ferrite sacrificing the ultimate tensile
strength of final weld joint (Kiran, et al., 2010). The effect of welding current on the weld
shape is illustrated in Figure 2.5.

Figure 2.5: Bead profile as a function of the arc current, other parameters are kept constant
(Weman, 2007).

2.2.3

Wire stickout length

Wire stickout length is the distance which the current overcomes from the arc initiation
spot to the tip of the electrode wire. Contact tip to work distance (CTWD) is an alternative
measure of wire stickout length, which includes the length of the arc as well. Long wire
stickout length results in increased electrical resistance, and therefore more heat. The heat
amount can be calculated based on the I2R relationship, where I is current and R is
electrical resistance. A schematic drawing of wire stickout length is shown in Figure 2.6.
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Figure 2.6: Wire stickout length schematic (Myers, 2001).

The additional heat of longer wire stickout length raises the melting rate and deposition
rates by up to an additional 50%. However, large stickout length can cause current drop
between the contact tip and the arc. Lowering the current causes a decrease in penetration,
for which reason long stickout might lead to weld defects, but if penetration is not a
critical factor, an increase in the wire extension results in higher productivity, better
quality, narrow HAZ and increased cold-resistance properties of the weld (American
Welding Society, 2004), (The James F. Lincoln Arc Welding Foundation, 2000),
(Massey, 2012). Weld bead shape appearances for various stickout lengths are presented
in Figure 2.7.

Figure 2.7: Weld bead profile as a function of wire stickout length (American Welding Society,
2004).

2.2.4

Welding electrode diameter and type

The diameter and type of the electrode is one of the most important welding variables. As
can be seen from Figure 2.8, the weld bead becomes wider and penetration depth
decreases with increase in electrode diameter. Large electrode diameters are often used
to increase the deposition rate.

Figure 2.8: Influence of welding electrode diameter on the weld profile shape, current 500 A
(Houldcroft, 1990).
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Several types of electrodes exist. From the structural point of view, electrodes are mainly
found as metal cored (Figure 2.9 a) or solid wires (Figure 2.9 b). Metal cored wire has a
higher current density for higher deposition and it has a wider projection area with a less
turbulent weld pool. Composite electrodes are produced in a similar way, however, they
allow alloying elements to be added to the core of the electrode, and later to the weld
metal. Wires are sometimes covered with copper to improve the electrical contact and
provide better corrosion resistance to the weld.

a

b

Figure 2.9: SAW wire types and its melting process. a - metal cored wire, b - solid wire (Jeffus
& Bower, 2009), (Myers, 2014).

A large number of different ferrous and nonferrous electrodes are used in submerged arc
welding. It is recommended to use the same chemical composition of the electrode as the
base metal to achieve a uniform weld. Electrode inclination angle has a major influence
on bead formation, and in the case of multiwire welding, electrode angles can vary for
different electrodes. The influence of the electrode angle on the weld bead formation is
illustrated in Figure 2.10. Risk of hot cracking is greatest with a pulling electrode
arrangement.
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a

b

c

Figure 2.10: Effect of welding wire angle on the shape of the weld profile. a – pulling electrode;
b – neutral electrode; c – pushing electrode (Hobart Brothers Company, 2016).

2.2.5

Flux

Flux is a distinct component of SAW that makes this welding process special and unique.
Generally, the flux is a powder that “submerges” the welding arc and isolates the welding
process from the outer environment, especially from harmful oxygen and nitrogen. Apart
from protecting the arc, flux helps to stabilize the arc and facilitates alloying, deoxidation
and refining of the molten metal. Flux slows down the cooling of molten metal in the
welding seam, therefore allowing non-metallic inclusions and gases to diffuse to the
surface of the weld. This mechanism guarantees inclusions-free and uniform chemical
composition of the weld metal, as well as good weld joint shape with consistent
dimensions. Flux also protects the environment from the harmful welding fumes and
radiation, which are generated during the welding process.
The weld seam is covered by 30-500 mm of flux prior to welding. There are several types
of fluxes – fused, bonded, agglomerated and mechanical fluxes. Nowadays, fluxes are
mostly agglomerated, as such fluxes are cheaper to make and provide the required
welding properties. There is a way to use the flux to alter the weld properties by adding
alloying elements directly to the weld pool. These elements allow the use of carbon steel
wires, which results in an alloyed joint metal. Typically, alloy fluxes are applied in
overlaying processes. It is important to control the alloy elements carefully to obtain the
desired alloying level because element transfer into the joint metal depends on the
welding process settings (DeltaSvar, 2005).
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One of the most important parameters of the flux is its basicity index (BI), i.e. the ratio
between basic and acid compounds. A high basicity index results in less oxygen and
consequently fewer inclusions in the weld metal. This obviously has a positive influence
on the microstructure and has a great effect on the impact toughness of the weld metal.
As a result of the higher basicity, the impact toughness increases and, up to a certain level,
the ductility of the weld metal improves. The basicity index can be calculated using
Boniszewski`s formula (Peters, 1989), which is presented in equation 2.1.
=

=

)

)

(2.1)

However, higher basicity normally results in a slag with lower viscosity and consequently
lower current carrying capacity of the flux, which affects the productivity of the process.
Based on this observation, the lowest possible basicity flux should be used that generates
the required impact toughness value (Hobart Brothers Company, 2016).

2.2.6

Welding polarity and arc blow in multiwire welding

In a single wire conventional SAW process, the polarity generally affects the welding
pool shape as indicated in Figure 2.11. Direct Current Electrode Positive (DCEP) polarity
increases the depth of penetration, as the heat development increases in the transferred
drop, however less material is transferred than with Direct Current Electrode Negative
(DCEN) polarity. DCEN increases the amount of transferred material, but the arc
becomes less stable. Direct current is used for most applications that employ a single arc
for thicknesses up to 20-30 mm.

DCEP

AC

DCEN

Figure 2.11: Weld profile as a function of polarity.

Polarity plays an important role in multiwire SAW, as the formation of the weld bead is
produced by several electrodes. In multiwire welding, the first wire is usually DCEP and
the other wires are AC. This arrangement is chosen based on the weld formation
procedure, which is described in Figure 2.12.
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c

Figure 2.12: Weld bead formation during multiwire welding with multiple polarities. a – the
lead wire (DCEP), which gives maximum penetration depth; b – the trail wire (AC), which fills
the weld groove; and c – the resultant weld appearance.

Correct polarity settings help to avoid a harmful phenomenon called magnetic arc blow,
which can occur during multiwire SAW. Magnetic arc blow is caused by an unbalanced
state of the magnetic field generated by the arc, and when the arc is attracted somewhere
else than into the working piece. In multiwire welding, arc blow can be caused by the
interaction of several arcs and reduces the process stability. Arc interaction is illustrated
in Figure 2.13. In the figure, arc blow occurs in Figure 2.13 a and b, but it does not occur
in Figure 2.13 c. Two DC connected electrodes will either attract or repel each other. DC
and AC work together, therefore the first electrode is usually in DC mode (to get the
penetration) and the following electrodes are AC (to fill the groove). As AC polarity
rapidly shifts magnetic field multiple times per second, it is less sensitive to the
surrounding magnetic fields. The arc blow can induce defects in the weld such as
inconsistent weld penetration, excessive spatter, porosity and generally lower quality
(Hobart Brothers Company, 2016).

a

b

c

Figure 2.13: Interations of magentic fields of two electrodes with: a – different polarities; b –
the same polarity; and c – DC and AC polarity (Wang, et al., 2015), (Lincoln Electric, 2001).

2.2.7

Heat input and cooling speed

Heat input is one of the major parameters of the welding process, and its influence on the
resultant weld is profound. The microstructure of the weld is determined by the thermal
cycle, which is mostly dependent on the heat input, plate thickness and preheat/post-weld
heat treatment. The amount of heat that is injected into the weld bead in multiwire welding
can be calculated with the equation 2.2.
=

(

)

(2.2)
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where µ is the thermal efficiency of the process (which depends on the welding process,
for SAW it is about 90%), V is voltage (V), n is the number of wire electrodes, I is the
current (A) and S is the welding speed (mm/min).
It is desired to have as low heat input as possible, otherwise formation of unwanted
microstructures in the HAZ occurs. When welding with high heat input, the HAZ often
is brittle and hardness can exceed the maximum recommended values. Steels with higher
carbon content are more sensitive to high heat input.
Cooling time in welding science is usually described as t8/5, which is the cooling time
from 800°C to 500°C, as these temperatures normally correspond to the recrystallization
temperatures of steels. Cooling time can be either measured with thermocouples or
calculated theoretically using the following formulas and Table 2.3. For two-dimensional
heat flow in low alloyed carbon steels t 8/5 can be calculated as follows (Equation 2.3):
= (6700

5 )×

×

× 10 ×

×

×

(2.3)

where t8/5 is the cooling time (s), Tp is preheat temperature (°C), Q is the heat input
(kJ/mm) and F2,3 is the suitable shape factor, which depend on the weld seam shape, which
can be obtained from Table 2.3. For three-dimensional heat flow in low alloyed steels,
t8/5 can be calculated using the following formula (Equation 2.4):
= (4300

4.3 ) ×

×

where t is thickness (mm).
Table 2.3: Shape factors influencing the form of the weld on t8/5 (Weman, 2011).

Form of the weld

Shape factor
F2

F3

Run on plate

1

1

Between runs in
butt weld

0.9

(2.4)
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Single run fillet
weld on a corner
joint

0.67-0.9

0.67

Single run fillet
weld on a T-joint

0.45-0.67

0.67

2.2.8

Typical joint preparations

As mentioned earlier, SAW is an ideal welding process for longitudinal and
circumferential butt and fillet welds in the flat and horizontal positions. Typical butt weld
groove preparations are illustrated in Figure 2.14. Most popular SAW joint preparations
for plates are X, V or I grooves. Angles and parameters can vary and are normally in the
range of 50°-60° for X grooves and 40°-60° for V grooves.

Figure 2.14: Typical SAW weld seam preparations.
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2.3 Submerged arc welding modifications
SAW is a rather flexible welding process and can be adjusted for various applications and
productivity requirements. Modifications to the SAW process aim to increase the
deposition rate and lower the heat input. These parameters are highly important when
welding thick alloyed steel plates because a higher deposition rate allows faster
completion of welds, lowers heat input and reduces the number of passes needed. The
simplest way to improve deposition rates is to add more wires, which has formed the basis
of several SAW modifications: twin wire SAW, which increases the deposition rate by
20%; direct current electrode negative SAW, which increases the deposition rate by up to
30%; tandem SAW; tandem-twin SAW, which gives 40% increase compared to standard
tandem SAW; and multi-wire SAW, which gives up to 300% increase compared to
conventional SAW. These modifications include two or more welding wires and one or
more power sources.
Multi-wire SAW is capable of delivering extremely high deposition rates, as well as
filling wide joints. There are several possible arrangements of wires to adjust the process
to a particular application. Multiwire SAW usually utilizes 2–4 electrodes, each playing
a unique role in the weld formation, and overall this process can provide greater amount
of joint filling at a faster rate and with a reduced overall heat input (Uttrachi, 1978).
Typical materials that can be welded using multi-wire SAW are thick sections made of
non- and low-alloyed steels, including HSLA steels and HSS. Generally, the melting rate
of twin SAW increases by up to 30%; nevertheless, problems achieving the required
penetration depth can arise. Multi-wire SAW is illustrated in Figure 2.15 g and Figure
2.16 b.
There are also other ways to increase productivity, for example, by adding metal powder
or decreasing the weld volume. SAW with metal powder addition is used to reduce the
arc energy needed to complete the joint. Utilization of metal powder is a simple and costefficient way to significantly increase the deposition rate. Powder can also be used to add
certain elements to the weld in order to obtain special properties. This modification of
SAW gives reduced penetration, because part of the heat is utilized to melt the powder,
however the deposition rate can increase by up to 100% (Turyk & Grobosz, 2014).
Currently, submerged arc welding with metal powder addition remains a special process,
but with tempting productivity benefits. SAW with metal powder additions is illustrated
in Figure 2.15 d.
The narrow gap SAW (NG-SAW) process has various economic benefits, for example,
reduced demand for filler material and higher welding speed, whereas technical
advantages include less shrinkage, lower distortion and reduced residual stresses due to
fewer passes. The gap width in NG-SAW in most cases is up to 16 mm and electrodes of
2 to 5 mm diameter are used. The NG-SAW process is extensively applied in combination
with multiple welding heads, for instance, a tandem welding head is often used. Most
common applications of NG SAW are for materials particularly sensitive to heat input,
including HSLA and stainless steels. These materials are most often used for construction

2 State of the art of SAW

48

of large structures (such as Arctic offshore structures) and components, such as shells,
drums, steam pipes, pressure vessels, power plant components and penstocks. Clearly,
the reduced groove area allows cost reduction; however, too narrow groove can cause
insufficient penetration. NG-SAW is illustrated in Figure 2.15 h and Figure 2.16 a.
Modifications of submerged arc welding are presented schematically in Figure 2.15 a-h
and some are illustrated in Figure 2.12. The various processes are compared in terms of
deposition rate in Figure 2.17 and the advantages and disadvantages of each process with
respect to low-temperature environment applications are listed in Table 2.4.

a

b

c

e

f

g

d

h

Figure 2.15: Submerged arc welding modifications. a – single wire conventional SAW; b – twin
wire SAW; c – tandem SAW process; d – SAW with metal powder additions (combination with
multiwire is possible); e – tandem single-twin wire SAW; f – tandem twin wire SAW; g –
multiwire SAW process (3-6 wires) and h – narrow gap SAW.

a

b
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Figure 2.16: SAW process modifications. a - typical NG-SAW setup and arrangement; b typical SAW multiwire setup (China National Petroleum Corporation, 2015).

Figure 2.17: Deposition rate of various SAW modifications as a function of current intensity.

Table 2.4: SAW modifications comparison.

Welding
process

Depositio Plate
n
rate, thickness,
mm
kg/h

Advantage Disadvantag
s
es

Typical
applications

Convention
al SAW

5-15

Up to 45

Easy and Low
deposition
cost
rate
efficient
method

Conventional
shipbuilding
applications

NG-SAW

5-10

Up to 300- Less
400
preparation
of the joint
area
required,
decreased
welding
consumabl
e usage

Slag
inclusions,
lack of fusion
in the side
wall,
entrapment of
slag due to
poor
cleaning,
high accuracy
of
power
supply
required,

Thick plates,
heavy wall
pressure
vessels, pipes
and
circumferenti
al joints
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expensive
filler
material,
repair
of
defects
is
difficult
Twin
SAW

wire 10-20

20-100

Easy and
cost
efficient
modificatio
n of SAW

Role played Offshore
by wires is applications,
shipbuilding
identical,
therefore high
heat input is
produced

High
welding
speeds,
possibility
to
use
cored wire

Offshore,
Expensive
equipment as shipbuilding
two
power
sources are
used

Tandem
SAW

10-30

Up to 150

Tandem
Twin SAW

15-40

Theoretical
ly unlimited
if
multipass
welding is
used

Three wires 25-60
SAW
Four wires 45-80
SAW
Single wire 5-20
SAW with
metal
powder
additions
(1:1
powder/met
al ratio)

Up to 50

Large
welding head
and complex
equipment

Can be used
for joints that
allows
accessibility
for
rather
large welding
head
equipment

Extremely
high
deposition
rate

Special
equipment
and
arrangements
are required

Heavy plate
sections for
shipbuilding

Simple and
cost
efficient
method to
increase
productivit
y, ability to
alloy the

Slight
modifications
in equipment
are required

Shipbuilding
and
other
conventional
applications
that allows
use of large
equipment
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Single wire 10-30
SAW with
metal
powder
additions
(1.5:1
powder/met
al ratio)
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weld
by
adding
alloying
elements to
metal
powder
(Ni, Mo,
Ti)

Two wires Up to 100
SAW with
metal
powder
additions

Theoretical
ly unlimited
if
multipass
welding is
used

Further
increase in
the
deposition
rate

Complex
equipment
and
large
welding head
required

Special and
unique
applications
that require
extremely
high
deposition
rate

2.4 Modelling and numerical simulations of SAW
As indicated above, SAW process outcome depend on large number of variables, and,
therefore, optimization of the process and prediction of its outcome is a challenging task.
Various approaches has been applied to establish connection between input and output
parameters, and predict the welding outcome. Most prominent approaches are reviewed
in the following subchapters.

2.4.1

Empirical and parametric models

Factorial design approach allows the investigator to study the effect of each factor on
the response variable, as well as the effects of interactions between factors on the response
variable. One example of this method is provided in table Table 2.5 (Dhas & Satheesh,
2013). Set of experiments to be carried out is selected after making factors combinations,
replication and randomization.
Table 2.5: Process parameters for factorial design of SAW process.

Process
parameters

Level 1

Level 2

Level 3

Welding current

275

325

400
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Arc voltage

28

32

36

Welding speed

16

19

22

Electrode extension 25

30

35

Multiple linear regression approach is often used for optimizing SAW welding
parameters (Sarkar, et al., 2016), (Ghaderi, et al., 2015), (Kiran, et al., 2014), (Jindal, et
al., 2014). This approach allows modeling the relationship between a dependent variable
Y and several independent variables denoted X. Typical equation of multiple linear
regression is presented in a form:
=

+

+

+

+. . . +

(2.5)

Where Y is the dependent output variable (for instance, bead width, weld reinforcement
height, depth of penetration, weld hardness, or other output parameters), which is
predicted by finding suitable coefficients a, b1, b2…bn for input parameters (welding
current, voltage, etc.) - X1, X2, …, Xn. Coefficient are determined by the method of least
squares based on the experimental data. Resultant equation may have the following
appearance (Kumanan, et al., 2007):
(2.5 × 10

69.33 + (0.37 ×
)
×

(0.42 ×

)

(1.0 ×

)

)+

(2.6)

Analysis of variance (ANOVA) is often use to calculate the contribution % of each
separate variable on the final result. This method is used rather often for SAW
optimization. For example, ANOVA analysis for the bead width variable in SAW shows,
that welding current contributes 66.67%, voltage 9.38% and welding speed 1.04%.

2.4.2

Finite element (FE) modelling

FE modelling is widely used technique for solving problems of engineering physics. The
analytical solution of these problems generally require the solution to boundary value
problems for partial differential equations. Based on the solution of the equations, this
method provides approximate numerical values for discrete number of points over the
domain. In SAW, this method is often used, as it allows to simulate the entire welding
process and predict the out put with high accuracy.
In papers (Kiran, et al., 2010) and (Kiran, et al., 2011) a numerical model of SAW-T
process was created using software SYSWELD for welding HSLA steel commonly used
in shipbuilding. A three-dimensional heat transfer analysis was performed using finite
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element method. The model describes the influence of welding current on weld
dimensions and its mechanical properties.
Modelling starts with defining the general heat conduction equation in Cartesian
coordinates:

where:

k

+

k

+

k

+Q

C

(2.7)

– density, kg mm-3
k – thermal conductivity, Wm-1 K-1
C – specific heat of the material (J/g -1 K-1)
– rate of internal heat generation, W/mm3
T – temperature, °C
t – time

From equation 2.7, estimation for
made:

per unit volume and for the arc heat input can be

=

(2.8)

In equation 2.8, superscript i refers to either lead (i LE) or trail (i TR) electrode and a,
b and c are side length of a cubic element.
Pi – the power from the arc, W
fi – fraction of the available energy, the following values are considered: fLE =0.6 and fTR
= 1.4. This is based on literature.
– the process efficiency, for SAW it depends on electrode polarity and varies from 0.90
– 0.99

Equations for PLE (DCEP) and PTR (AC) are given below:
=

(2.9)

2 State of the art of SAW

54
=

(

)

(2.10)

– the fraction of the available arc energy supplied to the work piece in DCEP, taken
value is 0.75
Vi – arc voltage, V
Ii – arc current, A
– fractional arc energy supplied to work piece in the positive current pulse, taken value
is 0.75
– fractional arc energy supplied to work piece in the negative current pulse, taken value
is 0.65

The schematic solution for numerical modelling is presented:

Figure 2.18. The schematic solution for numerical modelling of TSAW process, where D –
distance between lead and trail electrodes; L – Length of the work piece; H1 –Height of the
work piece; H2 –Depth of penetration; – Bevel angle; M1 –Already deposited elements; M2 –
Deactivated elements; and M3 – Activated elements (Kiran, et al., 2010), (Kiran, et al., 2011).

Figure 2.18 schematically presents the solution domain, volumetric heat sources and the
electrode wire metal deposition in weld pool considered by discrete addition of new
elements. A symmetrical analysis is carried out considering the weld interface along the
middle of the V-groove as the symmetry plane. In Figure 2.18, M1, M2 and M3 are
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envisaged as material already deposited in a previous time step, yet to be deposited (i.e.
deactivated elements) and deposited in the current time step (i.e. newly activated
elements) from electrodes, respectively. The time stepping and the activation scheme of
new elements are synchronised in a manner such that, two separate sets of new elements
(M3) will be activated in each time step corresponding to the depositions from lead and
trial wires. Thus, the newly activated elements corresponding to the lead wire will always
follow the same corresponding to the trail wire and the latter will also be atop already
deposited materials (M1). Thermophysical properties of work piece and electrode
materials are assigned to M1 and M3 sets of elements respectively. The elements
designated as M2 are assigned with very low values of thermal conductivity so that the
same behave as atmosphere (thermally insulator). The new elements (M3) are always
activated at the melting temperature (1510 °C).
The outcome of the study is the evaluation of the influence of the welding current in
tandem SAW on weld dimensions and its mechanical property, e.g. tensile strength and
percentage elongation for a typical grade of HSLA steel (Figure 2.19). A 3D heat transfer
analysis is also developed using a novel application of two volumetric heat source terms
to account for the welding arcs corresponding to the lead and trail electrode wires. The
shape and size of the heat source terms are estimated using the joint geometry and the
expected amount of electrode material deposition from the lead and the trail wires for
given settings of welding current and weld speed. The model results were confirmed by
experimental investigation.

a

b

Figure 2.19: Influence of the welding current in tandem SAW on weld dimensions and its
mechanical properties. a – influence of lead wire current (IL) and trail wire current (IL) on weld
width (W), penetration (P) and reinforcement height (H); b – influence of lead wire current (I L)
and trail wire current (I L) on UTS and percentage elongation properties of weld joint. Superscripts
L and T refer to exclusive influences of IL and IT respectively (Kiran, et al., 2010), (Kiran, et al.,
2011).

2 State of the art of SAW

56

2.4.3

Computational fluid dynamics (CFD)

CFD is widely used to investigate molten pool flows and final weld beads because it
makes it possible to approach the welding process more realistically (Kim & Na, 1994).
Considering the importance of weld pool convection in SAW process, several papers
attempted to analyze the heat transfer and fluid flow.
Papers (Cho, et al., 2013), (Cho, et al., 2014), (Kiran, et al., 2015) describes dynamic pool
behaviour during SAW with the aid of Adel inversion method using CCD camera images.
The modelling was conducted in commercial package Flow-3D, which is illustrated in
Figure 2.20, Figure 2.21 and Figure 2.22.

a

b

Figure 2.20: CFD modelling of molten pool behaviour of SAW. a - calculated temperature profiles
and flow patterns on a longitudinal cross-section between droplet generations for 0.538 s; b comparisons of simulation results with experiments in single DC (Cho, et al., 2013).

CFD models were developed and validated for conventional SAW (Cho, et al., 2013),
tandem SAW (Cho, et al., 2014) and three-wire SAW processes (Kiran, et al., 2015).
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Figure 2.21: Calculated temperature profiles and streamlines on a longitudinal cross-sections (y
= 0 mm), t = 3.786 s (Cho, et al., 2014).

Figure 2.22: Calculated temperature profiles and streamlines on the longitudinal cross-sections
(Kiran, et al., 2015).

3 Properties and quality requirements of steels and
welding for Arctic conditions
Nowadays, the properties required of steel structures for the Arctic oil and gas industry
are more stringent than ever because Arctic structures and their welded joints must
withstand the harsh low temperature environment and awareness of the possible impact
of major industrial accidents in the region has spread. These requirements include lowtemperature toughness and strength, excellent weldability with lower preheat
temperature, and higher welding productivity (Horii, et al., 1995).
Temperatures in the Arctic may approach -40°C or lower, and persist at that level for
prolonged periods. Thus, in general, the required service temperatures for structures and
ships should be taken as -60°C. For most Arctic structures, the design temperature should
be lower than -40°C. For example, the design temperature for the first Arctic offshore
platform, Prirazlomnaya, was down to -50°C. The design temperature for offshore
structures planned for operation in ice-covered basins of the Arctic should be about -60°C
and for structures in open basins -35°C (Gorynin & Khlusova, 2011). Even though the
long Arctic winters have a profound effect on the ductility of carbon steels, most structural
steels easily satisfy toughness requirements at such temperatures. However, welded parts
are much more sensitive to low temperature fracture toughness issues (Akselsen, et al.,
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2011). Especially the weld metal and heat affected zone of the weld often demonstrate
insufficient toughness at low temperatures (Solntsev, et al., 2008), (Østby, et al., 2012).
The most common high strength steel types are thermo-mechanically controlled
processed (TMCP) steel and quenched and tempered (QT) steel. TMCP is currently in the
research spotlight because, for the same mechanical properties, TMCP steel has a lower
carbon equivalent (Ceqv) than QT steel. The carbon equivalent level correlates with
weldability; the lower Ceqv, the better the weldability.
A small amount of research has been done on the applicability of TMCP and QT high
strength steels for the Arctic region. Chin-Hyung Lee et al. (Lee, et al., 2012) reviewed
the use of TMCP steel SM570-TMCP in cold regions and concluded that selection of a
suitable welding process is essential for utilization of TMCP steels in such environments.
In other work, Jia-Bao Yan et al. (Yan, et al., 2014) investigated the mechanical properties
of QT S690 steel in Arctic conditions and found an increase in yield and tensile strength,
when the steel is subjected to low temperatures. Further work by Shin et al. (Shin, et al.,
2006) focused on the fracture characteristics of TMCP and QT steels in Arctic conditions.
The QT steel plate manufacturing process was developed during the 1960s and the
process is illustrated in Figure 3.1 a and c. The process of QT steels fabrication starts with
rolling, which is followed by heating above the recrystallized austenite temperature,
which is followed by fast cooling (normally in water). The next phase is tempering below
Ar1 temperatures. A strong martensitic or bainitic grain structure is generally, formed
during the first step (Figure 3.1 a), whose toughness properties are later improved during
the tempering process. Apart from the heat treatment, the desired mechanical properties
are often obtained by alloying or micro-alloying with vanadium, niobium or titanium,
which precipitate as fine carbonitritides evenly distributed in the steel plate.
TMCP steel use is on the rise in many large-scale industrial applications such as
shipbuilding, steel structures and transportation. TMCP high strength steels get their
strength and toughness as a result of their fine grained microstructure. The transition
temperature, i.e. the temperature at which the fracture mechanics of the steel changes
from ductile to brittle, is a function of the content of silicon, nitrogen and perlite, in
addition to the dependence on the ferrite grain size. A small grain size promotes a low
transition temperature (Odessky, 2006). The thermo-mechanical rolling process features
deformations carried out at certain temperature ranges, and this process allows steel
properties tp be attained that cannot be achieved using only heat treatment. The TMCP
fabrication process starts in the same way as the QT process – Figure 3.1 a. Subsequent
rolling passes are accurately performed at a temperature below the recrystallization
temperature (Figure 3.1 d.). In some cases, the passes are made in the temperature ranges
of coexisting austenite and ferrite/pearlite (Figure 3.1 e). For thicker plates, the process
is sometimes finalized by accelerated cooling (AC), as illustrated in Figure 3.1 f. The
microstructure of TMCP steel is very fine-grained ferrite and pearlite or partly bainite. In
order to get recrystallization and a finer austenite grain structure, the steel is hot rolled
multiple times at different temperatures in the austenite area of the phase diagram. Ferrite

2.4 Modelling and numerical simulations of SAW

59

then nucleates on the austenite grain borders, resulting in an even finer grain structure. If
the steel is rolled in the area just above the A3 temperature, deformation bands form inside
the austenite grains, and the ferrite gets further available nucleation sites. The result is a
very fine grained microstructure, often referred to as acicular ferrite (AF), providing very
good mechanical properties at low temperatures (Zhao, et al., 2002).

Figure 3.1: Steel plates production procedure: normalized (process a+b), quenched and
tempered (process a+c) and different TMCP processes (d, e or f). Temperature on the vertical
axis. y recr denotes recrystallized austenite; y not recr signifies non recrystallized austenite; a +
y the temperature interval for austenite + ferrite; and a the temperature zone for ferrite and
pearlite in conventional steels. The triangle marks the increase in the temperature for
recrystallization because of micro-alloying. TN is the normalization temperature. The zigzag
lines indicate rolling.

TMCP steels have high strength, high toughness, and lower carbon content than QT
steels. Some small amounts of niobium, vanadium or titanium are added to obtain an
additional strengthening effect by the formation of fine carbonitrides and also to increase
the recrystallization temperature.
The alloying elements in the chemical composition of steels can greatly influence their
low-temperature properties. It has been observed that high amounts of carbon, sulphur,
phosphorus, nitrogen and oxygen along with other impurities have a negative effect on
the transition temperature of steel (American Welding Society, 2004). Surface cracks,
notches and large plate thickness also adversely affect the low-temperature properties of
steel. On the other hand, manganese, metals with a face-centered crystal structure,
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chromium, molybdenum, vanadium, niobium, zirconium and rare earth elements help to
lower the transition temperature. Deoxidisers (aluminium, calcium and cerium) can be
used to capture oxygen in the steel and improve its low-temperature properties. Boron has
a strong positive effect on quenched and tempered steels. Typical impurities in steel are
phosphorus, sulphur, arsenic and gases (hydrogen, nitrogen, and oxygen). All of these
impurities, except arsenic, are present in any steel in small quantities. Sulphur and
phosphorus influence the ductile-to-brittle transition temperature of high strength steels
more strongly than normal strength steels (American Welding Society, 2004).
Table 3.1 and the charts shown in Figure 3.2 summarize the effect of alloying elements
on the properties of low-temperature service steels. Sulphur and phosphorus have adverse
effects on the low-temperature characteristics of steel, and even though there are elements
that can compensate for these negative effects, the amounts of sulphur and phosphorus
should be kept as low as possible.
Table 3.1: Summary of effects of alloying elements on the ductile-to-brittle transition
temperature of cold-resistant steels.

Beneficial for low-temperature service Harmful for low-temperature service
steels
steels
Elements that help to decrease the grain High carbon content
size (aluminium, nickel, vanadium,
niobium, titanium, nitrogen)
Metals with FCC crystal structure (nickel, Impurities, especially phosphorus and
calcium, aluminium, copper)
sulphur
Rare earth elements (cerium, ytterbium)

Gases, such as oxygen, nitrogen and
hydrogen

Metals with hexagonal close packed
structure (titanium and zirconium)
Deoxidisers (aluminium, calcium, cerium
and its combinations)
Boron (for quenched and tempered steels)

Steels intended for low-temperature service should be limited to the following amounts
of alloying elements: S, P 0.035–0.040%, N 0.012%, O2 0.008%, H2 0.0009%. For
particularly demanding low-temperature applications, it is advised to lower the amounts
even further: S 0.005%, P 0.01%, N 0.004%, O2 0.003%, H2 0.0003% (Odessky,
2006).
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a

b

c

d

Figure 3.2: Alloying elements influence on steels properties. a – Influence of alloying content on
the hardness of ferrite; b – influence alloying content on impact toughness of ferrite; c – yield
strength of weld metal with various chemical elements; d – tensile strength of weld metal with
various chemical elements (Bishokov, et al., 2014).

The weldability of steel is strongly related to the chemical composition via the equivalent
carbon content (Ceqv) and the critical metal parameter (Pcm). These parameters are defined
by the steel’s chemical composition and calculated using the following formulas,
Equations 3.1 and 3.2 (EN 1011-2, 2001), (Ito & Bessyo, 1968):
=
=

+

+
+

+

+
+

+

(3.1)

+

+5

(3.2)
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The current work examines welding procedures for several QT and TMCP steels, which
are listed in Table 3.2. More detailed information can be found in Attachment A. These
steels are shipbuilding steels E500 and F500W, which are designed according to (GOST
R 52927-2008, 2008) and classified based on the yield strength (420, 460, 500, 550, 620
and 690 MPa) and the intended temperature of the application (A for 0°C, D for -20°C,
E for -40°C and F for -60°C). The thesis also features experiments with X70 steel plate,
which is welded by a multiwire process, and Russian grade steel AB2 QT, which is used
for icebreakers and other Arctic structures.
Table 3.2: Overview of key properties of the steels studied.

Steel

Fabrication

grade

Plate

Tensile

thickness,

strength,

mm

MPa

Ceqv

Pcm

F500W

QT

35

600-615

0.46

0.22

E500

TMCP

25

620-635

0.41

0.19

X70

QT

12.7

0.43

0.22

AB2

QT

12 and 16

0.49

0.23

>637

Submerged arc welding introduces significant heat input, which melts the base metal and
consumables together. The resultant microstructure of the weld often includes bainite,
intragranular nucleated acicular ferrite and Widmanstätten ferrite. Clearly, due to melting,
various zones of the HAZ experience different temperatures, which results in different
microstructures, some of which are coarse grains and might result in brittle behavior.
Major microstructural changes happen throughout the weld, which is divided into four
zones, which are illustrated in Figure 3.3.
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Figure 3.3: HAZ zones in the weld.

The structure of the HAZ in multipass welding is illustrated in Figure 3.4. When SAW is
used to weld thick sections, the welding process normally consists of several passes, and
therefore some zones of HAZ that were formed earlier are reheated. Research (Davis &
King, 1994) has found that the intercritically reheated coarse grained zone has the lowest
toughness among all HAZ zones.
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a

b

c
Figure 3.4: Structure of the HAZ and it zones. a - HAZ in multipass welding; b – typical HAZ
thermal cycles; and c - HAZ in two pass weld (Davis & King, 1994).

This toughness reduction is a result of a martensite/austenite phase, which often forms
during reheating and subsequent cooling of the HAZ. When the coarse grained
microstructure is reheated to the two-phase region of the phase diagram, islands of
austenite are formed at grain boundaries and near previous austenite boundaries. The
formed austenite has a high alloy content, which reduces both the martensite start (Ms)
and finish (Mf) temperature, and the ability to form perlite and ferrite at high cooling
rates. Because of the low Ms and Mf temperatures, the austenite islands will form into a
mixture of brittle martensite and retained austenite. The decreasing effect of the alloy
elements on the Ms temperature can be seen from equation 3.3 (Hansen, 2012).
= 539 423(
7.8(
)

)

30.4(

) + 17.7(

) + 12.1(

)+

(3.3)

The heating and cooling rate during welding is dependent on several factors: the thickness
of the metal, the welding current, the temperature of the metal to be welded, the number
of passes in the welding, and the welding heat input. Each of the above factors,
individually and combined, can significantly affect the formation of microstructures in
each of the four designated zones of the HAZ.
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The transformation temperatures, designated Ac1 and Ac3, can be found experimentally
from a dilatometer curve. These temperatures can also be found theoretically using the
equations 3.4 and 3.5 below (Odessky, 2006):
= 723 10.7( % ) 16.9(
(
290
% ) + 6.38( % )

= 910
31.5( %

15.2(
203( % )
) + 13.1( % )

%

) + 29.1(

% ) + 16.9(

%

)+
(3.4)

%

) + 44.7(

% ) + 104(

% )+
(3.5)

One of the most commonly used criteria to evaluate the quality of the weld is hardness
measurement. Hardness is measured experimentally, and the maximum hardness of the
HAZ for HSLA steels can also be estimated by the following formula (Equation 3.6):
31(

= 90 + 1050(
% )

% ) + 47(

% ) + 75(

%

) + 30(

%

)+

(3.6)

This equation states that carbon content governs the hardness values of the HAZ. From
practical observations, it was noted that if the hardness of HAZ exceeds the hardness of
the base metal by more than 20-30% the probability of cold cracking rises significantly,
impact strength decreases, and inhomogeneity of the weld becomes high (Odessky, 2006).
Specific requirements for testing the base metal and welds of structures are listed in Table
3.3, which compares the requirements of the most commonly used standards for Arctic
conditions. It is difficult to set accurate required values for Charpy tests as the specimens
are smaller than the steel plate thickness used. Some standards, for example, Norsok M001 and Russian Maritime Register of Shipping, additionally use the CTOD test, which
is more accurate but also more expensive.
Table 3.3: Testing requirements for steels and welds used in Arctic conditions (Russian
Maritime Register of Shipping, 2012), (API RP 2N:1995), (Horn, 2011), (NR 216 DT R07
E:2014), (Germanischer Lloyd Aktiengesellschaft, 2009), (ISO 19906:2010), (ISO
19902:2007), (ASME B31.3:2012), (NORSOK M-001:2004).

Standard code

Testing requirements

ISO 19906 (Petroleum and Charpy testing temperatures from 0°C to -30°C
natural gas industries - Arctic below LAST (Lowest Anticipated Service
Temperature).
offshore structures)

66

3 Properties and quality requirements of steels and welding for Arctic
conditions

ISO 19902 (Petroleum and LAST for determination of the Charpy V-notch
natural gas industries - Fixed steel impact test temperature.
offshore structures)
=
+ (0° ; 10°
30° )
Added negative temperature depends on the failure
consequence category of the component.

ASME 31.3

Charpy testing at 0–27.2°C below LAST, with a
requirement in the range of 14-20 J.

API RP 2N (Planning, Designing, Charpy testing in the parent metal 2 mm from the
and Constructing Structures and line of fusion at 20–30°C below LAST, with a
requirement in the range of 27-34 J.
Pipelines for Arctic Conditions)
API RP 2Z (Preproduction
Qualification for Steel Plates for
Offshore Structures)
Norsok
M-001
selection)

(Materials The impact toughness test requirements are given
for the structural materials at a minimum service
temperature of -10°C. The use of metals at lower
temperatures requires satisfactory fracture
toughness. For the most critical design class, this
shall include CTOD testing of the base material,
weld metal and HAZ at the minimum design
temperature, and Charpy test temperatures at the
minimum design temperature lowered by 10°C.

Russian Maritime Register of Charpy tests for steels of E500 or F500 should be
Shipping
at least 60 J at -40°C for E grade and at -60°C for
F grade
CTOD requirements proportional to the plate
thickness and the yield strength of the steel, which
lie in the range of 0.10 to 0.45 mm (for base metal,
0.30 mm for weld metal) as well as Charpy test
requirements. T tests for critical applications.
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Generally, welded steel passes Charpy tests more often than CTOD tests, and difficulties
in meeting CTOD values hamper the application of welded high strength steels of large
thicknesses. The most critical part for meeting CTOD criteria is the coarse-grain
component of the HAZ. It has been found that AF is the most desired microstructure in
the weld metal (Akselsen, et al., 2011). The research further shows that titanium-boron
type of welding materials for low-temperatures produce a large amount of AF in the weld
area (Horii, et al., 1995). These findings have led to the development of steels with yield
strength of 500 MPa and with acceptable CTOD properties of welds in extreme low
temperatures and with plate thicknesses of 80-100 mm (Nagai, et al., 2004). Other steel
grades have also been developed for Arctic service, and Figure 3.5 shows welded steels
that have achieved values in Charpy (-60 C) tests of more than 40 J and satisfactory
CTOD values (up to 0.35 mm at -60 C). Some of these steels have been used in recent
Arctic offshore projects (Gorynin & Khlusova, 2011). Additionally, Figure 3.5 indicates
the area of possible future advances in steels development.

Figure 3.5: Current state and area of possible future advances in low-temperature weldable steels
shown in terms of plate thickness over yield strength. The green area indicates the current level
of steel development and the yellow area indicates the area in which future development might
take place (Suh, et al., 2011), (Hisata, et al., 1999), (Cheng, 2013).

Arctic shipyards are interested in development of thick HSS plates of increased tensile
strength to decrease the weight and cost of structures and icebreakers. However, ductility
drops with increase in tensile strength and welding becomes more difficult. Generally,
steels with yield strength of up to 500 MPa are used in shipbuilding applications. Welding
is typically carried out with heat input of up to 3 – 3.5 kJ/mm, as higher heat input is
detrimental for low-temperature performance of the welds. Other major challenge
associated with welding in the Arctic region are residual stress control, and failure and
fracture of welded joints due to cold cracking and severe deformation (Gorynin, et al.,

68

4 Testing methods for Arctic service steels and welds

2009), (ESAB Group, 2008). Therefore, the primary industrial interest is to gain higher
productivity without increase of heat input.

4 Testing methods for Arctic service steels and welds
In order to ensure safe and reliable operations at such low temperatures, materials and
especially welding joints should be thoroughly tested. Presently, the most common
criterion for cold-resistance determination of steels and welds is the Charpy V-notch
impact energy test. Generally, according to most of the standards, the impact value
requirement is about 10% of steel yield strength at the design temperature (Bannister,
1998). Various factors contribute to Charpy impact test values. These factors include the
number of welding passes, grain size of austenite before welding, the volume fraction of
ferrite phases, and the acicular ferrite (AF) lath width. Another method to determine the
cold resistance properties of steels and welds is CTOD testing. The CTOD test is more
precise than the Charpy V-notch impact energy test as the CTOD test uses full thickness
specimens. Common CTOD values demanded of cold resistant steels range from 0.1 mm
to 0.3 mm (Russian Maritime Register of Shipping, 2012). However, the required values
can vary depending on the steel type and the importance of the construction element.
Typical tests performed for base metal and welds of HSS to assess applicability to Arctic
conditions are listed in Table 4.1. Cold resistance tests include impact toughness tests at
low temperatures and special cold-resistance tests – the nil-ductility transition (NDT)
temperature test, the three-point bending test (Tkb) and the crack tip opening
displacement test (CTOD). The specimen shapes and arrangements are shown in Figure
4.1.

Figure 4.1: Specimen arrangement for various tests.

Table 4.1: Tests to assess cold-resistance properties of HSS and its welds.
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Base metal

Welded joints

Chemical composition

Chemical composition

Mechanical properties (Full thickness Mechanical properties (Cross-weld tensile
tensile test, tensile test in Z-direction, full-thickness test, cross-weld bending
test)
bending test)
Microstructural analysis

Microstructural analysis

Cold-resistant tests:

Hardness measurement

Charpy V-notch impact test
Critical transition temperatures
tests (NDT test, Tkb test)
CTOD test

Cold-resistant tests:
Charpy V-notch impact test (for
different zones of the welded
joints)
CTOD test

Operational requirements, required grade of steel, welding process and other factors vary
depending on the conditions. Requirements also vary in different standards, for instance,
requirements for steel with tensile strength of 610-770 MPa according to several
standards are presented in Table 4.2.
Table 4.2: Standard requirements for E500 and F500 steels (API RP2Z:2005), (ASTM E1382 97, 2010), (ASTM E208), (BS 7448–1:1991), (DNV-OS-B101:2009), (DNV-OS-C401:2010),
(EN ISO 19902:2007), (GOST 1497-84), (GOST 2999-75), (GOST 14019-80), (GOST 563982), (GOST 5639-82), (GOST R 52927-2008), (ISO 15653:2010), (Russian Maritime Register
of Shipping, 2012).
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Euro
pean
and
Ame
rican 610Class 770
ificat
ion
Socie
ties 4

0.15 7

50 5
500

-

-

18
33 6

0.13 8

Note:
1
GOST R 52927-2008 for transverse specimen (GOST R 52927-2008)
2
Russian Maritime Register of Shipbuilding (RMRS) (Russian Maritime Register of Shipping,
2012) Tkb=1.1Td+10 °C
3
RMRS (Russian Maritime Register of Shipping, 2012) parts 3.2.3.2
4
EN ISO 19902 (EN ISO 19902:2007), Det Norske Veritas, Bureau Veritas and other
5
in longitudinal direction to the rolling. According to DNV-OS-B101 (DNV-OS-B101:2009)
6
in transverse direction to the rolling. According to DNV-OS-B101 (DNV-OS-B101:2009)
7
DNV-OS-C401-2010 (DNV-OS-C401:2010)
8
API RP2Z (API RP2Z:2005)

As can be seen from Table 4.2, the Russian classification societies currently have more
stringent requirements for steels intended for Arctic service than European and American
classification societies. In Russian standards, obligatory tests of the base metal include
Tkb and NDT tests, and there are more stringent requirements for the Charpy V-notch
impact test and CTOD test. Based on the results of the whole set of tests, an appropriate
temperature Td (design temperature) is determined. Td indicates the temperature at which
the steel can be used for the most critical and heavily loaded elements of hull structures
and other Arctic applications (Gusev, 25-26 April 2013).

4.1 Charpy V-notch impact test
The Charpy V-notch impact test is a standardized high strain-rate test that measures the
amount of energy absorbed by a material during fracture at various temperatures. The
Charpy test is an effective way to measure resistance to brittle fracture using standardsized small-scale impact samples and is suitable for study of fracture at low operational
temperatures. It is used to find the transition temperature of metals, which is the
temperature below which metals drastically lose their ductility, as well as to check for
brittleness of metals at low temperatures. Figure 4.2 a shows the procedure for the test,
which is the following: The test piece with a notch in the middle is placed in the impact
testing machine supported at its two ends. With a single blow, the hammer strikes the test
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piece and fractures it. The machine scale indicates the energy absorbed during fracture
(GOST 9454-78). Figure 4.2 b shows the dimensions of the standard size specimen.

a

b

Figure 4.2: Charpy impact test schematic. a - Impact testing machine and test procedure; b –
standard size of single-notch square selection test piece according to EN 10045-1 Charpy impact
test on metallic materials. Test method (V- and U-notches). Dimensions are given in mm.

4.2 Crack tip opening displacement (CTOD)
Charpy tests use standard-sized specimens and therefore the results are inaccurate for
thick plates. To assess the cold-resistance properties of thick plates, other testing methods
can be used, one of which is the crack tip opening displacement test (CTOD), which
measures the resistance of a material to crack propagation. CTOD tests can be conducted
according to RMRS rules (Russian Maritime Register of Shipping, 2012) and BS 7448
P.1 (BS 7448–1:1991) using SENB specimens. Growth of fatigue cracking is assessed on
a universal testing machine.
Figure 4.3 shows the full thickness specimen design for CTOD tests. The CTOD testing
process starts with cooling down the specimen to a few degrees below the testing
temperature, e.g. if the intended testing temperature is -60°C, the specimen is cooled
down to about -62°C. The next step is the specimen assembly – placing the specimen into
the testing machine and installing the thermo gauges. The gauges are used for precise
temperature control during testing. The test starts when the temperature of the specimen
becomes equal to the intended test temperature. During the test, the obtained data is
collected and recorded with a special software program. The recoded data includes load,
opening displacements, time and traverse displacement.
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Figure 4.3: Specimen SENB for CTOD test (where P is load, B is steel plate thickness, W=2*t;
S=9.2 *t, sizes are given in mm) (BS 7448–1:1991).

To calculate CTOD ( ) values, the following formula (Equation 4.1) is used:
(

=

)

+

.

. (

)

.

(4.1)

where W is the effective width of test specimen, a is the nominal crack length, z is the
distance of the notch opening gauge location above the surface of the specimen and K is
a stress intensity factor, which can be obtained from Equation 4.2:
=

(4.2)

.

where F is the applied force, S is the span between outer loading points during the test, t
is specimen thickness and f is a mathematical function of a/W, which is provided by the
following Equation 4.3:
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(4.3)

where g is the Poisson’s ratio, S is the 0.2% proof strength at the temperature of the
fracture test, E is the Young’s modulus at the test temperature, Vp is the plastic component
of notch opening displacement. Vp is obtained by drawing a line parallel to the tangent of
the initial linear part of the record from point F (Fc, Fu or Fm); the Vp value is the distance
between the origin and the intersection of this parallel with the X-axis (see Figure 4.4).
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Figure 4.4: Definition of F (Fc, Fu and Fm) and Vp (Plaza, 2000).

4.3 Nil-ductility transition temperature test (NDT)
The ductile-brittle transition temperature of a material represents the temperature at which
the fracture energy passes below a pre-determined point. The temperature above which a
material is ductile and below which it is brittle is known as the nil-ductility transition
(NDT) temperature. The nil-ductility temperature point is important since once metal is
cooled below that temperature, it has a greater tendency to fracture on impact instead of
bending or deforming. NDT tests are regulated by ASTM E-208 standard (ASTM E208)
and RMRS rules (Russian Maritime Register of Shipping, 2012). Figure 4.5 a shows the
dimensions of a test specimen, and Figure 4.5 b shows an actual test specimen.

a

b
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Figure 4.5: NDT test specimen. a - NDT specimen dimensions according to ASTM E208; b actual test specimen (sizes are given in mm) (ASTM E208).

The results of the NDT test are evaluated according to ASTM E208. Specimens are
marked as either fractured or non-fractured. Fractured specimens are specimens with a
crack that propagates from the cladding metal to the base metal. Non-fractured specimens
have a crack only in the cladding metal. Critical temperature NDT is determined as the
highest temperature, with an interval of 5°C, at which at least one specimen fractured.

4.4 Three-point bending test (Tkb)
The Tkb test is a three-point bending test used to determine the temperature of ductile-tobrittle transition. This test is mostly used by Russian industry and is required by RMRS
rules. The Tkb temperature is determined by destroying a series of specimens at various
temperatures and evaluating the percentage of brittle fracture on the fracture surface. The
testing temperature that corresponds to 70% ductile fracture on the surface of the crack is
the resulting temperature of the Tkb test (Russian Maritime Register of Shipping, 2012).
The Tkb test, according to RMRS rules (Russian Maritime Register of Shipping, 2012)
and BS 7448 (BS 7448–1:1991), is performed on a specially shaped full-thickness
specimen; geometrical dimensions of the specimen are shown in Figure 4.6 a, and typical
fracture appearance of the specimen after the test is shown in Figure 4.6 b.

a

b

Figure 4.6: Tkb test specimen. a - drawing of Tkb test specimen; b – actual test specimen. sizes
are given in mm (Russian Maritime Register of Shipping, 2012).
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5 Overview of the publications
This chapter summarizes the publications of this dissertation and draws the main
conclusions. An overview of the objectives, methods, and results is presented in Table
5.1.
Table 5.1: Publications summary.

Title
Publication I

Research
objective

Results

Advanced SAW 1. Review and 1. Comparative table of
assessment of
SAW
modifications:
processes
for
various SAW
NG SAW; Twin-wire
Arctic structures
modifications.
SAW; Tandem SAW;
and
ice-going
Tandem-twin
SAW;
vessels.
2. Assessment of
Three-wire SAW; Fourtheir
wire SAW; Single-wire
applicability
SAW
with
metal
to
Arctic
powder additions (1:1
conditions.
powder-metal
ratio);
and Single-wire SAW.
3. Development
of
the 2. Table of requirements
optimum
for steels and its welds
welding
intended for service in
parameters for
the Arctic according to
welding HSS
different standards: ISO
for
Arctic
19906; ASME 31.3;
conditions.
Norsok M-001 and
Russian
Maritime
Register of Shipping.
3. Two case studies with
defined
welding
parameters for welding
of steels for Arctic
conditions.
a. X70 plate of
12.7
mm
thickness was
welded. With
four
wires
welding (DC,
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AC+,
AC).

AC+,

b. X70 plate of 12
mm thickness,
tandem
welding.
Publication II

Comparative
Evaluation
of 1. Assessment of 1.
applicability of
HSS and its performance of F500W QT
thick
E500
welds for use and E500 TMCP steel for
TMCP
and
in the Arctic Arctic conditions (base
F500W QT steel
service
by metal and welds): Testing
–
Chemical,
plates for Arctic
European and methods
microstructural
and
service
Russian
mechanical
properties
standards.
analysis; Charpy V-notch
2. Welding of impact test; NDT test; Tkb
HSS,
and test; CTOD test, Hardness
testing
the test.
welds.
Welding
Verifying of 2.
parameters defined and
the
verified for welding HSS in
parameters.
Arctic conditions.

Publication III

Multi-wire SAW
of 640 MPa
Arctic
shipbuilding
steel plates

Publication IV

Material
and 1. Overview of
welding
the
main
requirements for
materials and
Arctic oil and
welding
gas industry
requirements
for welding in

Development of 1. Welding parameters for
the
welding
3-wire welding of AB2
parameters for 4
HSS of thickness 12
wires
SAW
and 16 mm (see details
welding HSS for
in Chapter 5.3).
the Arctic and its
2. Welding
parameters
testing.
allow to lower the heat
input and increase the
deposition rate of the
production (see details
in Chapter 5.3).
Challenges
categorized
under
three
domains:
limited experience of Arctic
oil and gas technology;
limited data on climate and
its
variability;
and
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economic feasibility of oil
and gas projects. The major
challenges are: current
2. List common standards do not include
problems of sufficient information on
welding in the material selection; no
Arctic
reliable data on ice
mechanics and operational
conditions; and to obtain
ductile heat affected zone at
low temperatures. (see
details in Chapter 5.4).
Arctic
conditions.

Publication V

1. Revealing of 1. Percentage distribution
Bibliometric
study of welding
trends
in
of the topics. It was
scientific
welding
seen that keywords
publications by
science
related to materials,
Big
Data
research
mechanical properties,
analysis
based on the
mechanical
failure
bibliometric
modes and computer
analysis
of
tools had the largest
12000 articles
shares of 18%, 13%,
from Scopus
13%
and
12%
database.
respectively (see details
in Chapter 5.5).
2. Depicting of
trends
in
the
overall 2. Defined
welding technology by
picture of the
conducting time series
worldwide
analysis of selected
research
in
keywords. Articles on
welding
topics
related
to
technology.
materials showed an
interesting increase in
2008.
When
considering arc welding
processes, the number
of articles on TIG
welding
increased
steadily from 2008 to
2012, which may be
connected
with
intensive development
of robotic welding
systems, which often
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utilize TIG welding
processes. Articles with
GMAW welding as a
keyword reached a
maximum in 2009,
since
when
their
number has fallen (see
details in Chapter 5.5).
Publication VI

Influence
of
alloying
elements on the
low-temperature
properties
of
steel

1. Graphs of chemical
Exploring
influence
of
elements influence on
chemical
Charpy impact test
elements on steel
results
at
low
low temperature
temperatures. It was
properties, mostly
observed,
that
on Charpy impact
manganese, metals with
testing
results.
a face-centred crystal
Explain influence
structure, chromium,
of
purposely
molybdenum,
added elements,
vanadium,
niobium,
such as: Carbon,
zirconium and rare
Manganese,
earth elements help to
Nickel,
Boron,
lower the transition
Aluminium,
temperature (see details
Chromium,
in Chapter 5.6).
Molybdenum,
2. Table
which
Vanadium,
summarizes
the
niobium,
influence
of
the
Titanium;
and
chemical elements on
steel impurities:
low
temperature
Sulphur,
properties of steels (see
Phosphorus,
details in Publication
Oxygen
and
VI).
Nitrogen on the
cold-resistance
properties
of
steels.

Publication VII European and 1. Overview of 1. Introduction to Arctic
the European
environment
and
Russian metals
and Russian
challenges.
for
Arctic
metals, which
Temperatures as low as
offshore
can be used
-60°C, strong winds up
structures
for
Arctic
to 50 m/s, a harsh
corrosive environment
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vessels
offshore
structures.

and large ice loads. Are
encountered in the
Arctic.

2. Envisioning
the
future 2. Review of material
requirements for Arctic
trends
of
offshore structures.
materials’
development.
3. List of metals and their
properties for low3. Reviewing
temperature
service
recent Arctic
(see
details
in
offshore
Publication VII).
projects.

5.1 Publication I: Advanced SAW processes for Arctic structures and
ice-going vessels
Publication I examines and compares advanced SAW modifications and assesses its
applicability for the Arctic conditions. Twin-wire SAW, Tandem SAW, Tandem-twin
SAW, multiwire (three or four wires), Narrow gap SAW and SAW with metal powder
additions were examined in terms of process peculiarities, typical deposition rates, plate
thickness, advantages and disadvantages, and typical Arctic applications.
Multi-wire SAW is capable of delivering extremely high deposition rates, as well as
filling wide joints. There are several possible arrangements of wires to adjust the process
to a particular application. Multiwire SAW usually utilizes 2–4 electrodes, each playing
a unique role in the weld formation. Typical materials that can be welded using multiwire SAW are thick sections made of non- and low-alloyed steels, including HSLA steels
and HSS. The Arctic applications usually demand the use of thick plates; therefore, the
multiwire SAW is highly suitable. Increasing number of welding wires is one of the
easiest steps to increase productivity. Generally, melt in rate of twin SAW is increasing
up to 30%; nevertheless, the problem of achieving the required penetration depth can
arise.
NG SAW has various economic benefits, for example, reduced demand for filler material
and higher welding speed, whereas technical advantages consists of less shrinkage, lower
distortion, and reduced residual stresses due to fewer passes. Most common applications
of NG SAW are for materials particularly sensitive to heat input, including HSLA steels.
These materials are most often used for construction of large structures (such as Arctic
offshore structures) and components. Obviously, the reduced groove area allows cost
reduction; however, too narrow groove might cause insufficient penetration.
SAW with metal powder addition is used to reduce the arc energy needed to complete a
joint. Utilization of metal powder is a simple and cost-efficient way to significantly
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increase the deposition rate. Powder can be used to add certain elements to the weld in
order to obtain special properties, such as additional cold-resistance. SAW with metal
powder additions is used mainly for heavy steel plate fabrication in shipbuilding, such as
icebreakers.
Paper also presents two case studies of multi-wire SAW for Arctic shipbuilding. The case
study demonstrates the application of recommended parameters and shows multi-wire
SAW example of welding 12.7 mm X70 Arctic grade steel plate with four wires. Welding
of X70 12.7 mm steel plate was carried out with a four-electrode welding technique. The
obtained weld was tested by impact and tensile tests and showed acceptable values: weld
impact energy of 92 J at -60°C. The second case study described tandem welding of
HSLA steel for Arctic service. The experiment covered welding parameters that were
used to achieve a successful result.
The findings of the paper suggest that SAW modifications can be applied for Arctic
service, and they can provide high deposition rates. Each has its own advantages and
fields of applications. The experiments confirm that multiwire welding of X70 grade with
tested parameters gives satisfactory results.

5.2 Publication II: Evaluation of applicability of thick E500 TMCP
and F500W QT steel plates for Arctic service
Publication II experimentally evaluates and discusses the peculiarities of welding thick
HSS plates for Arctic shipbuilding applications. Two steel plates E500 TMCP (25 mm)
and F500W QT (35 mm) has been evaluated in terms of applicability for Arctic service,
and number of tests of base metal and its welds has been carried out. Welds and base
metal were tested by methods described in International and Russian standards, namely
the static tension test, Charpy V-notch impact test, drop weight test to determine nilductility transition (NDT) temperature, three point bending (Tkb) test, and crack tip
opening displacement (CTOD) test. E500 TMCP steel was evaluated according to the
requirements of Russian standards; additionally, the research assesses the ability of E500
TMCP steel plates to meet the requirements of special tests required by the Russian
Maritime Register of Shipping, such as Tkb and NDT tests.
Welding was done with heat inputs of 3-3.5 kJ/mm and the welds were tested. The results
of the Charpy V-notch tests showed that F500W steel has better impact values in most
cases compared to E500. Both steels show the lowest impact test toughness values in the
weld metal and fusion line regions. E500 weld metal impact toughness values in SAW
welding are in the borderline of acceptable values (47 J) at 40 °C. Nevertheless, the
average impact toughness values are still acceptable. CTOD of the welded joint showed
that E500 applicability at 40 °C is satisfactory just on the borderline of the standard
requirements (CTOD 19 mm).

5.3 Publication III: Multi-wire SAW of 640 MPa Arctic shipbuilding steel
plates
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5.3 Publication III: Multi-wire SAW of 640 MPa Arctic shipbuilding
steel plates
Publication III describes the experiment of welding X70 12 and 16 mm plates for Arctic
conditions. Welding was carried out using three-wire SAW, with the following wire
arrangements. During the process, the arc burns alternately between the first wire and the
basic metal, and subsequently between the second wire and the basic metal. At the
following stage, the arc burns between the first two wires. The process was continuously
repeated. On both the first two wires and on the third wire, the arc burns on an alternating
current. In this experiment, to achieve highest productivity, single-pass welding was
utilized. However, bend tests showed that the welding joint did not meet the required
parameters, and after conducting metallographic research, it was decided to replace the
single-pass approach with two passes.
Required tests were conducted to ensure the suitability of the selected parameters. Tensile
strength tests and impact energy tests of the weld metal gave positive outcomes, tensile
and yield strength of the weld metal is near the values of base metal. Impact energy tests
were also done for the weld border zone and the heat-affected zone. These tests showed
acceptable results. Static strength testing also showed satisfactory values. Additionally,
the level of hardness was measured in various zones of the welded joint. Bend and fatigue
tests showed that the joint met the specified standard requirements. The parameters of the
welding processes were as follows: plate thickness of 12 and 16 mm; Welding flux 48AF56, produced by FSUE CRISM “Prometey”; Backing flux LW761, produced by Lincoln;
Welding wire -08
of 3.2 mm and 4.8 mm in diameter.
The results of the experiment conducted during this research work could be useful for the
shipbuilding industry in order to increase productivity and quality by employing the
developed welding technique. The welding technique selection process provides valuable
information for the development of other similar welding techniques.

5.4 Publication IV: Material and welding requirements for Arctic oil
and gas industry
Publication IV is a review work, which overviews major challenges for large
infrastructural projects in the Arctic area. It states that fabrication of oil and gas
production platforms and vessels for the Arctic area presents wide range of engineering
challenges. This paper describes these challenges splitting them into three categories:
limited experience of Arctic oil and gas technology, limited data on climate and its
variability and economic feasibility of oil and gas projects. Limited experience of Arctic
oil and gas technology mostly leads to uncertainty (over or under estimation) of standard
requirements developed for Arctic applications. Standard ISO 19906 does not include
specific material selection requirement and refer to other standards, such as ISO 19902
and material related standards like EN 10225, Norsok M 101 or API 2W. Required
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material properties and necessary tests procedures differ considerably across these
standards.
Limited data on climate and its variability results in poor understanding of various loads
and other factors which are affecting offshore platforms and vessels. Ice mechanics is
rather complex discipline and requires large amounts of accumulated data in order to
make realistic predictions of ice behavior in the area. Arctic fragile ecosystem demands
high reliability from offshore structure and vessels to decrease the chance of any oil spill,
which can cause very serious unrecoverable consequences.
Economic feasibility of oil and gas projects has to be taken into consideration. The costs
of developing Arctic areas are high and companies are interested in reducing expenses by
utilization newest materials and efficient welding techniques. The most challenging
property of welded Arctic materials is to obtain ductile heat affected zone at low
temperatures. It is possible to improve low temperature toughness of HAZ by reducing
carbon content in the steel or by applying more efficient welding process. The analysis
made in this paper is useful for general understanding of the topic and difficulties
associated with engineering in Arctic conditions.

5.5 Publication V: Bibliometric study of welding scientific
publications by Big Data analysis
Publication V analyses and present recent trends in welding research based on 12000
research articles related to arc welding indicated in Scopus database for the period 20012012 by the means of Big data tools and instruments using VOS viewer and Microsoft
Excel. This publication contributed to better understanding of SAW related topics and
challenges being discussed in the scientific community. As researchers are nowadays
overloaded with scientific information, and it is often difficult to obtain a clear overview
of existing topical research in some particular field such information might be useful.
database
It was found that the number of publication in the field of welding research increased by
5% year-by-year. It was shown that the keywords related to materials, mechanical
properties, mechanical failure modes and computer tools had the largest shares of 18%,
13%, 13% and 12% respectively. Articles about microstructure were mostly related to the
heat-affected zone (31%), which is a major concern for microstructural changes in
welding nowadays. The keywords “weld metal” and “base metal” were represented by
significant percentages – 15% and 12% respectively. Likewise, welding of stainless steel
is an important topic in the materials domain, as stainless steel is the second most popular
keyword, including its subtopic keywords: 304 stainless steel, austenitic stainless steel,
duplex stainless steel, and martensitic stainless steel. Over half of the journal articles on
stainless steel are dedicated to austenitic stainless steel (61%). Other important research
areas include martensitic (17%) and duplex stainless steels (13%).

5.6 Publication VI: Influence of alloying elements on the low-temperature
properties of steel

83

Time series analysis showed a decline in the overall number of arc welding related articles
in 2012, which is most likely due to non-complete Scopus records for recent years, and
the decline is expected to disappear in the next couple of years, when all papers from
2012 are indexed (the analysis was made in 2015). Articles on topics related to materials
showed an interesting increase in 2008. When considering arc welding processes, the
number of articles on TIG welding increased steadily from 2008 to 2012, which may be
connected with intensive development of robotic welding systems, which often utilize
TIG welding processes. Articles with GMAW welding as a keyword reached a maximum
in 2009, since then their number has fallen. A possible reason for this trend may be that
GMAW is a rather well-known procedure and therefore experience a decreasing research
interest. The number of studies on multipass welding is increasing, mostly due to the
increasing number of publications related to simulation of multipass welding and
predictions of welding process outcome.

5.6 Publication VI: Influence of alloying elements on the lowtemperature properties of steel
Publication VI gives an overview of the required properties of materials for Arctic
conditions; the most prominent of these are low-temperature toughness, high strength and
reasonable weldability. The paper helpes to understand the influence of various alloying
elements on the cold-resistant properties of steels and its welds. The materials used in the
Arctic region should have a high transition temperature to avoid brittle behaviour which
can be the cause of failure.
The alloying elements in the chemical composition of steels can greatly influence their
low-temperature properties. It was observed that high amounts of carbon, sulphur,
phosphorus, nitrogen and oxygen along with other impurities have a negative effect on
the transition temperature of steel. Surface cracks, notches and large plate thickness also
adversely affect the low-temperature properties of steel. On the other hand, manganese,
metals with a face-centred crystal structure, chromium, molybdenum, vanadium,
niobium, zirconium and rare earth elements help to lower the transition temperature.
Deoxidisers (aluminium, calcium and cerium) can be used to capture oxygen in the steel
and improve its low-temperature properties. Boron has a strong positive effect on
quenched and tempered steels. Typical impurities in steel are phosphorus, sulphur, arsenic
and gases (hydrogen, nitrogen, oxygen). All of these impurities, except arsenic, are
present in any steel in small quantities. Sulphur and phosphorus more strongly influence
the ductile-to-brittle transition temperature of high-strength steels than normal strength
steels.

5.7 Publication VII: European and Russian metals for Arctic offshore
structures
Publication VII is a review of materials applied for Arctic conditions. The paper reviews
in details requirements and operating conditions of different parts of offshore platforms
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and proposes materials that can meet a variety of requirements. For example, upper deck
metal may be subjected to temperatures as low as -60°C, while the supporting legs are
only in -2°C underwater but are confronted with a harsh corrosive environment and
biofouling.
The paper describes several groups of materials, including HSS, as they offer an attractive
combination of low weight/strength ratio and low overall cost. However, in most cases
the current standards do not include steels with a yield strength greater than 500 MPa,
which therefore limits their use in offshore applications.
Additionally, the paper outlines the future trends of low-temperature materials
development, which are directed to designing better Arctic materials. The first important
trend is the introduction of structural steels with an ultra-fine grained structure. A second
important trend is manifested in designing of new steel grades, including high strength
and nanostructured steels with improved weldability and other useful properties. Another
potential area of Arctic materials development might be the creation of special structural
functional clad steels. Finally, it may be possible to improve steel manufacturing
processes in order to raise the quality and lower the costs.

6 Suggestions for further study
The current work presents experimental study of various SAW modifications for HSS
steels intended for Arctic conditions. In future work it would be interesting to test SAW
with metal powder additions and NG-SAW processes, which would enable full
comparison and definition of the most suitable SAW process for a given application.
Several grades of HSS were tested during this work – E500, F500W, X70 and AB2.
However, many other grades of HSS exist, and it would be interesting to test these as
well. Such data would help to define some universal rules and laws of SAW welding for
HSS, which can be valid for any welding conditions.
This work considered welding of steel plates of 12-35 mm thickness; in practice, however,
thicker steel plates are sometimes used. Therefore, it would be valuable to develop SAW
welding parameters for 35-60 mm steel plates and observe any possible differences.

7 Conclusion
This work proposes practical arrangements of SAW welding in various configurations for
a range of materials applied for Arctic conditions. Conclusion section will present
answers to the primary research questions formulated in Chapter 1.3.
1.
What characteristics of advanced SAW processes make such processes
suitable for application in Arctic conditions?
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Current thesis presents an answer to this question by in-depth analysis of advanced SAW
processes and its applications/limitation for use in the Arctic conditions. The analysis was
carried out based on extensive literature research, experimental trials and conversations
with experts. Novel results are the summary table (Publication I) and comprehensive
information on each SAW process modification. Analysis outcomes are briefly presented
below.
Submerged arc welding offers extensive customization and can be adapted for many
different working conditions and weld productivity or quality requirements.
Consequently, over the years, numerous modifications and variations of SAW have been
developed. These modifications mean that SAW can be used to weld thick steel plates,
and advanced SAW processes can provide increase in productivity with minimum
detrimental effect on weld quality. These modifications offer lowered heat input and
increased deposition rate, which result in reduction in welding time and the number of
passes needed to fill the joint. Advanced SAW processes can be divided into three groups
based on the approach used. The simplest way to enhance SAW is to add more wires, and
several SAW modifications use this approach: twin wire modification, which increases
the deposition rate by 20%; direct current electrode negative SAW modification, which
increases the deposition rate by up to 30%; tandem SAW, tandem-twin SAW (+40%
compared to standard tandem SAW) and multi-wire SAW modification (up to 300%
increase compared to conventional SAW). These modifications include two or more
welding wires and one or more power sources. Twin wire SAW offers deposition rates of
about 10-20 kg/h, and easy and cost efficient implementation. However, as the role played
by the wires is the same, high heat input is produced. This modification can be applied in
offshore and shipbuilding applications that are not too sensitive to high heat inputs.
Tandem SAW offers slightly higher deposition rate, about 10-30 kg/h, as two independent
power sources are used. This allows high welding speeds and a possibility to use cored
wire. Tandem twin SAW (deposition rate of 15-40 kg/h) offers theoretically unlimited
thickness if multi-pass welding is used, however it requires a large welding head and
complex equipment. These modifications are typically applied for joints that allow
accessibility for rather large welding head equipment. Three- or four-wire SAW offers
significant productivity benefits (25-80 kg/h). Special equipment and arrangements are
required, as well as specially developed welding parameters and WPS. These
modifications are used for heavy plate sections for shipbuilding.
There are also other ways to increase productivity: by adding metal powder or decreasing
the weld volume. SAW with metal powder addition is used to reduce the arc energy
needed to complete a joint. Utilization of metal powder is a simple and cost-efficient way
to significantly increase the deposition rate. Powder can be used to add certain elements
to the weld in order to obtain special properties. This modification of SAW features
reduced penetration, because part of the heat is utilized to melt the powder, however the
deposition rate can double. Currently, submerged arc welding with metal powder addition
remains a special process, but with tempting productivity benefits.
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SAW with metal powder additions (1-1.5:1 powder/metal ratio) offers deposition rates of
5-30kg/h. The advantages of this method are simplicity and cost efficiency and an ability
to alloy the weld by adding alloying elements to the metal powder (Ni, Mo, Ti). Slight
modifications in equipment are required, therefore this modification is only suitable for
shipbuilding and other conventional applications that allow use of large equipment. SAW
with metal powder additions can also be combined with multiple welding wires to further
increase the deposition rate (up to 100 kg/h).
The narrow gap SAW process has various economic benefits, for example, reduced
demand for filler material and higher welding speed, whereas technical advantages are
less shrinkage, lower distortion, and reduced residual stresses due to fewer passes. The
gap width in most cases is up to 16 mm and electrodes of 2 to 5 mm diameter are used.
The NG-SAW process is extensively applied in combination with multiple welding heads,
for instance, tandem welding heads are usually used in practice. Most common
applications of NG SAW are for materials particularly sensitive to heat input, such as
HSLA steels, stainless steels, aluminum and titanium alloys. These materials are most
often used for construction of large structures (such as Arctic offshore structures) and
components, such as shells, drums, steam pipes, pressure vessels, power plant
components and penstocks. Clearly, the reduced groove area allows cost reductions;
however, too narrow a groove can cause insufficient penetration. Conventional single
wire NG-SAW can provide deposition rates up to 5-10kg/h, and it requires less
preparation of the joint area, as well as having decreased welding consumable usage.
2.
How does welding affect the HSS and what range of welding
parameters is suitable for Arctic service?
This thesis included experiments with the following steels: F500W, E500, X70 and AB2
with plate thicknesses of 12-35 mm, and the following groove preparations: X 80°; K 45°;
I; V 45°. Conventional SAW process, tandem SAW, three-wires SAW and four-wires
SAW were used with heat input in the range of 2.5-7.7 kJ/mm.
HSS steels (F500W, E500) for shipbuilding can be welded with heat input of up to 3.5
kj/mm. Steel F500W QT used for Arctic applications was welded with SAW. The results
show that weld properties were acceptable with heat input of 3.0-3.5 kj/mm. This suggests
that this grade of QT steel can be welded with higher input energies, because of its
uniform structure, high tempering, microstructure and alloying content. F500W can be
utilized in industrial operations up to -70°C according to European and Russian standards.
Because of its microstructure, E500 steel made by TMCP is more sensitive to high heat
input, and this steel grade can be utilized only to -40°C. TMCP steels contain less alloying
elements, which makes them cheaper to produce. Grade E was designed in Europe to pass
European test requirements, which are less strict than Russian requirements.
The steels were evaluated in terms of base metal quality and welding performance. Welds
and base metal were tested by methods described in international and Russian standards,
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namely the static tension test, Charpy V-notch impact test, drop weight test to determine
nil-ductility transition (NDT) temperature, three point bending (Tkb) test, and crack tip
opening displacement (CTOD) test. European E500 TMCP steel was evaluated according
to the requirements of Russian standards; additionally, the research assessed the ability
of E500 TMCP steel plates to meet the requirements of special tests required by the
Russian Maritime Register of Shipping, such as Tkb and NDT tests.
F500W QT obtains better results in special tests like NDT ( 100 °C is better than 65
°C) and CTOD (CTOD 40 °C average 1.18 mm > 0.41 mm). Using quenching followed
by high tempering enables possible operational temperatures down to 70 °C. However,
the NDT test is required only in Russian standards. E500 steel base metal was shown to
be applicable based on Charpy test criteria at temperatures as low as 85 °C; based on
NDT criteria at 65 °C; and based on Tkb criteria only at 40 °C; and the CTOD test
showed E500 applicability as low as 55 °C. E500 welding tests showed that Charpy
impact toughness values limit the use of MMA welds to 20 °C, and FCAW and SAW
welds can be utilized with some limitations at 40 °C. CTOD of the welded joint showed
that E500 applicability at 40 °C is satisfactory, although on the borderline of the standard
requirements.
Overall, the following conclusions can be drawn for E500 and F500W steel grades:
•
Steel plates E500 (TMCP, 25 mm thickness, Rautaruukki Oy) and F500W
(QT, 35 mm and 30 mm thickness, Severstal) are designed to meet international and
Russian standards requirements for low-temperature applications. E500 TMCP steel has
low alloying content, featuring Mn alloying (1.5%). QT F500W steel is highly alloyed
with Cr, Ni and Cu to improve cold resistance. Additionally, it is microalloyed with Mo.
•
F500W obtains better results in special tests like NDT (-100°C is better than
-65°C) and CTOD (CTOD -40°C average 1.18 mm > 0.41 mm). Using quenching
followed by high tempering enables operational temperatures down to -70°C. However,
the NDT test is required only in Russian standards.
•
E500 steel base metal tests showed applicability by Charpy test criteria at
temperatures as low as -85°C; by NDT criteria at -65°C; by Tkb criteria at only -40°C;
and the CTOD test showed E500 applicability as low as -55°C. E500 welding tests
showed that Charpy impact toughness values limit the use of MMA welds to -20°C, and
FCAW and SAW welds can be utilized with some limitations at -40°C. CTOD of the
welded joint showed that E500 applicability at -40°C is satisfactory, although on the
borderline of the standard requirements.
•
E500 TMCP steel has lower carbon equivalent than F500W QT steel and
therefore better weldability properties; however, this work does not provide identical
welding procedures to enable an adequate comparison of welding performance.
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AB2 QT steel was welded by multiwire SAW system. AB2 steel has high alloying content
(Ni+Cu: 2.2-2.9%), therefore higher heat input can be applied, up to 7.7 kj/mm. This
welding showed that usage of multiple wires (2-3 wires) is an efficient and economical
way to increase productivity. During the process, the arc burns alternately between the
first wire and the base metal, and between the second wire and the basic metal. At the
following stage, the arc burns between the first two wires. The process constantly repeats.
On both the first two wires and on the third wire, the arc burns on an alternating current.
The welding parameters and wire arrangements were adapted to weld both 12 and 16 mm
plates for shipbuilding applications. Required tests were performed to verify the selected
welding parameters.
X70 steel plates of 12.7 mm thickness were welded by a four-electrodes SAW process.
Both the wire and the flux are optimized for multi-wire welding using a two-run SAW
technique for applications with high toughness requirements. The welding procedure was
performed by four wires on two sides of the plate. The tests conducted show acceptable
results according to European standards.
In general, the outcome of the research is that high heat input can be applied for new high
strength steels with low alloying contents. The present research shows that 3.5 kj/mm is
a suitable level for E500 and F500W steel grades of 25-35 mm thicknesses intended for
Arctic environments at -40-60°C. This level of heat input allows high savings in
productivity. Thus, multiwire SAW is feasible, and if welding parameters are controlled
and set correctly it is an economically advantageous method.
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Abstract
The Arctic region is expected to play an extremely prominent role in the future of the oil and gas industry as growing
demand for natural resources leads to greater exploitation of a region that holds about 25% of the world’s oil and gas
reserves. It has become clear that ensuring the necessary reliability of Arctic industrial structures is highly dependent on
the welding processes used and the materials employed. The main challenge for welding in Arctic conditions is prevention of the formation of brittle fractures in the weld and base material. One mitigating solution to obtain sufficiently lowtransition temperatures of the weld is use of a suitable welding process with properly selected parameters. This work
provides a comprehensive review with experimental study of modified submerged arc welding processes used for Arctic
applications, such as narrow gap welding, multi-wire welding, and welding with metal powder additions. Case studies
covered in this article describe welding of Arctic steels such as X70 12.7-mm plate by multi-wire welding technique.
Advanced submerged arc welding processes are compared in terms of deposition rate and welding process operational
parameters, and the advantages and disadvantages of each process with respect to low-temperature environment applications are listed. This article contributes to the field by presenting a comprehensive state-of-the-art review and case
studies of the most common submerged arc welding high deposition modifications. Each modification is reviewed in
detail, facilitating understanding and assisting in correct selection of appropriate welding processes and process
parameters.

Keywords
Arctic conditions, advanced welding processes, narrow gap welding, submerged arc welding, multi-wire welding, metal
powder additions

Date received: 5 June 2015; accepted: 1 February 2016

Introduction
Most large-scale engineering machinery and structures
for the Arctic are related to the oil and gas industry.
Other emerging industrial applications in the Arctic are
wind farms and other renewable energy structures.1
There is a tendency to use steel of higher strength to
reduce the thickness of steel plates (up to 30%–50%)
and, therefore, the weight of the structure without
sacrificing strength or weldability, to allow easier transportation and installation, making the structure overall
more cost-efficient.2 Currently, industrial Arctic offshore stationary structures and floating drilling units
typically use steel plates up to 70 mm thickness; however, some elements can be up to 130 mm. Icebreakers
are built from plates of thicknesses up to 60–70 mm.3
The welding of 20- to 40-mm-thick high-strength steel
(HSS) plates presents a wide range of challenges, such

as overcoming the tendency for brittle failure and
decreasing the welding time.4 Therefore, there is a call
for more efficient welding processes.
The submerged arc welding (SAW) process is one of
the most cost-efficient processes for welding thick steel
plates. It is frequently used welding method in the shipbuilding production, as it provides high productivity
(this work uses the deposition rate as an indicator of
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productivity) and delivers superb weld quality.5,6 The
SAW process can be further modified in order to
achieve higher deposition rate, and comparison of these
modified approaches is the focus of this article. This
article will review and compare narrow gap (NG)
SAW, multi-wire SAW, and SAW with metal powder
additions.

Requirements for steels and welds in
Arctic conditions
Nowadays, the properties required of steels structures
for the Arctic oil and gas industry are more stringent
than ever as Arctic structures and their welded joints
must withstand the harsh low-temperature environment, and awareness of the possible impact of major
industrial accidents in the region has spread. These
requirements include low-temperature toughness and
strength, excellent weldability with lower preheat temperature, and higher welding productivity.4
Low temperatures in the Arctic may approach
240 °C or lower temperatures and be at that level for
continued periods. Thus, in general, the required service temperatures for structures and ships should be
taken as 260 °C. For most Arctic structures, the design
temperature should be lower than 240 °C, for example,
for the first Arctic offshore platform, Prirazlomnaya, it
was down to 250 °C. The design temperature for
planned offshore structures for operation in ice-covered
basins of the Arctic should be about 260 °C, and for
structures in open basins, the design temperature can

be 235 °C.7 Even though long Arctic winters have a
profound effect on the ductility of carbon steels, generally most structural steels easily satisfy toughness
requirements at such temperatures. However, welded
parts are much more sensitive to low-temperature fracture toughness issues.8 Especially, welded metal and
heat-affected zone (HAZ) of the weld often demonstrate insufficient toughness at low temperatures.9,10
In order to ensure safe and reliable operations at
such low temperatures, materials and especially welding
joints should be tested. Presently, the most common
criterion for cold-resistance determination of steels and
welds is the Charpy V notch impact energy test.
Generally, according to most of the standards, an
impact value requirement is about 10% of steel yield
strength at the design temperature.11 Various factors
contribute to Charpy impact test values. These factors
include the amount of welding passes, grain size of austenite before welding, the volume fraction of ferrite
phases, and the acicular ferrite (AF) lath width.
Another method to determine the cold-resistance
properties of steels and welds is crack tip opening displacement (CTOD) testing. The CTOD test is more
precise than the Charpy V notch impact energy test as
the CTOD test uses full-thickness specimens. Common
CTOD values demanded of cold-resistant steels range
from 0.1 to 0.3 mm;12 however, the required values can
vary depending on the steel type and the importance of
the construction element.
Specific requirements for testing the base metal and
welds of structures are listed in Table 1, which

Table 1. Requirements for steels and welds used in Arctic conditions.12–20
Standard code

Testing requirements

ISO 19906 (petroleum and natural gas industries—Arctic
offshore structures)
ISO 19902 (petroleum and natural gas industries—fixed
steel offshore structures)

Charpy testing temperatures from 0 °C to 230 °C below lowest
anticipated service temperature (LAST)
LAST for determination of the Charpy V notch impact test
temperature. T = TLAST + (0 8 C; 10 8 C or 30 8 C). Added
negative temperature depends on the failure consequence
category of the component
Charpy testing at 0 °C–27.2 °C below LAST, with a requirement
in the range of 14–20 J
Charpy testing in the parent metal 2 mm from the line of fusion
at 20 °C–30 °C below LAST, with a requirement in the range of
27–34 J

ASME 31.3
API RP 2N (planning, designing, and constructing
structures and pipelines for Arctic conditions); API RP 2Z
(preproduction qualification for steel plates for offshore
structures)
Norsok M-001 (materials selection)

Russian Maritime Register of Shipping

The impact toughness test requirements are given for the
structural materials at a minimum service temperature of
210 °C. The use of metals at lower temperatures requires
satisfactory fracture toughness. For the most critical design class,
this shall include CTOD testing of the base material, weld metal,
and HAZ at the minimum design temperature, and Charpy test
temperatures at the minimum design temperature lowered by
10 °C
CTOD requirements proportional to the plate thickness and the
yield strength of the steel, which lie in the range of 0.10–0.45 mm
(for base metal, 0.30 mm for welded metal) as well as Charpy
test requirements. TKB tests for critical applications

CTOD: crack tip opening displacement; HAZ: heat-affected zone. LAST: lowest anticipated service temperature.
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deformation.26,27 Therefore, the primary industrial
interest is to gain higher productivity without increase
in heat input.

Welding processes and methods

Figure 1. Current state and area of possible future advances in
low-temperature weldable steels shown in terms of plate
thickness over yield strength. The green area indicates the
current level of steel development, and the yellow area indicates
the area in which future development might take place.22–25

compares the requirements of the most commonly used
standards for Arctic conditions. It is hard to set accurate required values for Charpy tests, as the specimens
are smaller than the steel plate thickness used. Some
standards, for example, Norsok M-001 or Russian
Maritime Register of Shipping, additionally use
the CTOD test, which is more accurate but more
expensive.
Generally, welded steel passes Charpy tests more
often than CTOD tests, and difficulties in meeting
CTOD values hamper the application of welded HSSs
of large thicknesses. The most critical part for meeting
CTOD criteria is the coarse-grain component of HAZ.
It has been found that AF is the most desired microstructure in the weld metal.8 The research further shows
that titanium-boron type of welding materials for low
temperatures produces a large amount of AF in the
weld area.4 These findings have led to the development
of steels with yield strength of 500 MPa and with acceptable CTOD properties of welds in extreme low temperatures and with plate thicknesses of 80–100 mm.21
Other steel grades have also been developed for Arctic
service, and Figure 1 shows welded steels that have
achieved values of Charpy (260 °C) more than 40 J and
satisfactory CTOD values (up to 0.35 mm at 260 °C)
and that were used in recent Arctic offshore projects.7
Additionally, Figure 1 indicates the area of possible
future advances in steels development.
Arctic shipyards are interested in the development
of thick HSS plates of increased tensile strength to
decrease the weight and cost of structures and icebreakers. However, with increase in tensile strength,
ductility drops and welding become more difficult.
Generally, steels with yield strength of up to 500 MPa
are used in shipbuilding applications. Welding is typically carried out with heat input of up to 2–2.5 kJ/
mm, as higher heat input is detrimental for welds with
low-temperature performance. Other major challenges
associated with welding in the Arctic region are residual stress control and failure and fracture of welded
joints due to cold cracking and severe

A wide range of advanced and conventional welding
processes has been used for the construction of Arctic
structures. In the context of the strict strength criteria
and thick plates and tubes demanded of Arctic structures and ice-going vessels, a welding process with a
high deposition rate is extremely beneficial, as it
reduces the time (number of welding passes) and the
cost of manufacturing.28 SAW with its different modifications meets the need for a high deposition rate, and
the SAW process is more profitable than gas metal arc
welding (GMAW) on large thicknesses as well as
demonstrating excellent weld quality.29 The increase in
deposition rate of SAW can be achieved by different
approaches, such as using higher heat input by increasing current, increasing the speed of travel while keeping
heat input on the similar level, welding with a longer
wire extension length, and using multiple electrodes or
metal powder addition.
High heat input allows reducing the amount of
passes to form the welded joint. Additional advantage
of high heat input is the reduced requirements to the
groove preparation. However, an increase in heat input
is in most cases connected with an increase in the dilution of the base metal and decreased cooling rates,
which can lead to the formation of a coarse grained
microstructure and therefore brittleness at low temperatures. Increasing the speed of travel while maintaining heat input allows increasing the deposition rate;
however, the issue of undercutting defects arises when
the travel speed reaches a certain value.
Multiple electrode welding allows weld with high
speed of travel and without undercutting defects.2 The
other way to increase the deposition rate is by supplying metal powder to the weld pool. In addition, it is
possible to reduce the weld joint area in order to make
manufacturing process more efficient, as it is done in
narrow gap welding (NGW). This article will review
and compare NG SAW, multi-wire, and metal powder
addition welding.

NG SAW
NG SAW is attractive with thick sections in repetitive
fabrication, for instance, the fabrication of foundational piles for offshore structures.7,27 NGW is best
applicable for circumferential or longitudinal joints of
thick HSS pipes and plates.30 Additionally, thanks to
NG SAW all-position capability, it is well suited for
large structures, such as shipbuilding applications,
where changing position is difficult. NG SAW is usually feasible for plate thickness exceeding 50 mm (to
replace double-sided welding), the gap width in most
cases is up to 16 mm, and electrodes of 2–5 mm
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Figure 2. Typical edge preparations for NGW: (a) can be fabricated using conventional cutting methods; (b and c) require groove
preparation by a milling machine; and (d and e) require groove preparation by laser, plasma, or gas cutting. Example dimensions are
given in millimeter.34,35

diameter are used.31 With U-type or V-butt grooves,
NGW can be carried out by multi-pass SAW with plate
thicknesses up to 300–400 mm. NGW is widely applicable with multiple welding electrodes, for instance, the
tandem welding head is commonly used.32,33
During edge preparation for NGW, fewer surfaces
need to be created compared to conventional joint preparation. The NGW joint walls should be almost
straight; therefore, less machining or cutting is required.
Moreover, the one-sided butt NGW arrangement helps
to avoid linear misalignments, as opposed to two-sided
X groove preparation. However, edge preparation
requires a high level of precision, which leads to additional costs.30
Several edge preparation cases are possible for
NGW, and some are shown in Figure 2. Most common
groove angle is 45°–55° with tight root opening.36 V
groove (Figure 2(a) and (e)) or U groove is recommended because no backing during welding is
required.30 However, to produce a radius on a groove,
as shown in Figure 2(b) and (c), a milling or turning
machine is required, and therefore, the size of the
groove is restricted. Therefore, the optimum design is V
groove (Figure 2(a) and (e)) with groove angle up to
10° or square groove (Figure 2(d)). Groove preparations shown in Figure 2(c) and (d) are used more often,
as they can be manufactured by laser, plasma, or gas
cutting, which are cheaper and easier than milling.
One of the main advantages of NGW is the reduced
consumption of filler material compared to conventional weld groove preparation because the narrower
the preparation, the smaller the welding metal consumption. For instance, when welding 100-mm plate,
the weight of weld metal per unit length of a U joint
reduces with taper from 8° to 1° and from 18.6 to
11.3 kg/m.
As the weld is made in a narrow slot, special provision must be made to avoid arc strikes between the
welding head and the side walls. An adequate side wall
fusion required precise alignment of the head to compensate for longitudinal drift of the rotating vessel. In
the case of a circumferential joint of a pressure vessel

Figure 3. Different types of NGW: (a) arrangement of the
groove for single pass per layer and (b) arrangement of the
groove with an oscillating electrode.37

rotating on rolls, some system of correcting axial drift
must be employed.35
Generally, NGW is carried out as a single pass per
layer, and the gap is set sufficiently narrow so that both
walls of the groove can be fused by the centrally positioned electrode, as it can be seen in Figure 3(a). In
cases when there is more than one passes per layer, the
grooves have a slight bevel angle of 1°–3° to allow for
shrinkage and prevent jamming of the welding head.
For maximum welding efficiency, it is advised to use
the narrowest possible groove and root gap. The single
pass per layer technique shown in Figure 3(a) gives the
shortest time for joint completion but lacks tolerance
mainly because the single wire must be centrally aligned
in the NG preparation to achieve constant fusion into
both side walls. Compensation for irregularities in weld
preparation can be achieved only by changing parameters such as travel speed, voltage, and current and
not by manipulating the electrode wire. The narrower
preparations used for single pass per layer welding can
also exacerbate the need for slag removal. Experience
suggests that for a single pass per layer, groove widths
should be up to 18 mm or slightly greater, with a wire
of 3.2 mm diameter.37 Oscillating electrode method
(Figure 3(b)) solves many problems of NGW, as it
allows precise and uniform filling of the gap, thus
avoiding welding defects.

Downloaded from pib.sagepub.com at Lappeenrannan Teknillinen on March 10, 2016

Layus et al.

5

Because of low heat input and multi-pass retempering, a fine-grained structure of the weld is achieved, as
well as minimal distortion and residual stresses in the
HAZ. Experimental comparison of residual stress in
multi-pass NGW and conventional single U groove of
butt-welded pipe showed that the values are almost
identical. The smaller amount of weld metal also helps
to decrease the residual stress that welding metal introduces in the weld joint. Nevertheless, slag removal
between the welding phases and visual inspection after
every welding pass may rise the cost of this welding
process.38
Weld quality of NGW is more sensitive to welding
conditions than conventional welding methods.35 Slag
inclusion and lack of fusion in the side wall are the
most common defects in NGW. In the case of multipass NGW, poor cleaning of the weld surface after
each layer can result in entrapment of slag, even despite
applying special NGW fluxes that facilitate slag
removal.35 Repair of defects is extremely difficult due
to the small welded area; therefore, it is highly important to use accurate joint fit ups, trained operators, and
special filler material with a suitable welding procedure
and specification.39 Therefore, the NGW method
requires high accuracy of power supply characteristics
and close tolerance for electrode tip to work distance
as well as special and expensive filler metals and a special welding head.

Multi-wire SAW
The simplest form of SAW utilizes a single electrode
and a direct current (DC) power source. More
advanced twin-wire SAW uses two welding electrodes
of with one power source and feeder system. The utilization of two wires results in an increase of deposition
rates by up to 20% or more compared to single-wire
DC SAW for the same level of heat input.39 The higher
deposition rate comes from the greater current density.
Multi-wire welding delivers exceptional penetration
and is capable of operating at high travel speed.
Moreover, as in multi-wire welding, the energy loss to
the environment is comparatively smaller than in
single-wire welding, and it can be expected that in
multi-wire welding, the energy efficiency will be higher.
The mechanical properties of the weld are more favorable if the weld is made by multi-wire welding than by
single-wire welding, because fewer microstructural
transformations occur in the weld.40
Direct current electrode negative (DCEN) SAW can
provide about 30% gain in the deposition rate; however, the penetration is low; therefore, there is a chance
of incomplete penetration welding defects.39 SAW with
alternating current (AC) is a compromise solution with
higher deposition rate than positive-polarity welding
but still larger penetration depth than welding with
negative-polarity current. Square-wave AC output
results in a more stable arc compared to the conventional AC characteristics. This fact is caused by the

nature of the process, as the current changes faster
from peak-positive current to peak-negative current.
One more modification for multi-wire SAW is tandem welding. Tandem welding is a process that utilizes
two welding electrodes, each with separate power
source and the wire feeding unit. Each welding electrode uses different current characteristics—the lead
wire uses generally direct polarity and the trail welding
electrode utilizes AC. Both wires feed into the same
molten pool, allowing for deposition rates that are
more than double what is achievable with single-wire
SAW. One reason for choosing tandem over twin is the
ability to control the wires individually and avoid issues
such as arc blow. Arc blow can be prevented by connecting one of the electrodes to a direct current electrode positive (DCEP) source and the other to an AC
or both to phase-shifted AC sources.
It is also possible to combine twin and tandem welding. Known as tandem–twin SAW, this process uses
two sets of twin wires and a combination of DCEP/AC
or AC/AC to achieve the highest possible deposition
rate. The result can amount to a productivity gain of up
to 40% compared with standard twin-wire welding.32
The electrodes can be added as hot or cold. Hot wires
are connected to a power source, and a cold wire is isolated until melted by the heat generated by the welding
arc. Traditionally a cold electrode is brought in from
the side into the weld pool and is used to increase the
deposition rate by up to 40% while restraining heat
input, which is especially important for Arctic steels.
The following ways to use multiple electrodes have been
developed: multi-wire welding, hot wire welding, and
cold wire welding.39 Some of these multi-wire SAW
modifications are shown in Figure 4.
Obviously, different modifications result in different
deposition rate values. Figure 5 compares and illustrates deposition rate over current for various modifications of SAW. As can be seen, the deposition rate
increases at a very high rate when current rises.
Additional welding electrodes also dramatically
increase the deposition rate.
Multi-wire SAW allows the use of up to six wires
together, being connected to six independent power
sources. The first welding electrode is called the lead
wire, and the last one is the trail wire. The lead wire is
usually DCEP polarity with the trailing wires being
AC.7,28,41,42
Each welding electrode in multi-wire welding process
has a unique function, as it is shown in Figure 6. The
leading electrode produces the optimum penetration by
employing the higher welding current, and the following trailing wires fill the joint and are responsible for
weld bead width and reinforcement height.5,43
Depending on the seam geometry, the last wire produces a broad seam with an excellent surface, usually
at lower current and higher voltage.34 A popular setup
for longitudinal welds for pipes is three-wire welding
with a single lead wire on DCEP for penetration, combined with two trail wires on AC for increased
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Figure 4. Various multi-wire SAW modifications: (a) single-wire welding, (b) tandem welding, (c) parallel twin wire, and (d)
tandem–twin wire.35

Figure 5. Deposition rate of different SAW process
arrangements at a range of currents. The chart shows current
per electrode.33,37

Figure 6. Effect of electrode angle on butt welds: (a) trailing
electrode, (b) vertical electrode, and (c) leading electrode.

deposition rate. The use of two different current types,
DCEP and AC, prevents interferences between the two
welding arcs. As Figure 6 shows, the penetration is the
largest for trailing electrode, reducing in vertical electrode and the smallest in leading electrode. The

opposite situation is for the weld reinforcement height
and for the tendency to undercut defect.
Multi-wire SAW can achieve speeds of up to 2.5 m/
min, which is considerably higher than single-wire
welding, giving a maximum deposition rate of 90 kg/h.
This technique is particularly suitable for longitudinal
pipe welding. Wire diameter can vary from 3 to 5 mm.
Currents are typically from 2000 to 5500 A using both
DCEP and AC. Voltage can reach 30–42 V per wire.
Multi-wire SAW usually has three or four welding electrodes placed in the subsequent order toward the direction of welding. Normally, wires are arranged
subsequently in the welding direction, although other
types of arrangements are also possible. Parallel
arrangement is mainly used for cladding. Research suggests that the electrode inclination angles should be put
in the direction of the welding to reduce probability of
welding defects, such as undercut and distortions of the
weld shape.44
Multi-pass welding always starts with the root pass.
As Figure 7 shows, sometimes supporting plate might
be used. The use of the supporting plate allows welding
with higher energy input because the melted metal is
kept inside the groove. Thick plates can be welded from
both sides (Figure 7) by double V or U-butt groove. In
this case, after the root pass is welded, one-side welding
takes place, then plate is turned, and the root pass must
be machined.35
Multi-wire welding case study of welding X70 plate. A case
study on welding X70 steel plate was conducted. The
experimental study features welding X70 Arctic grade
steel by multi-wire SAW. Arctic steel plate X70 of
12.7 mm thickness was welded by multi-wire SAW with
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Figure 7. Typical preparations for submerged arc welding. Dimensions are given in millimeter.8,45

Table 2. Chemical composition of wire OE-S3MoTiB, wt%.
C

Si

Mn

Mo

Ti

B

0.08

0.25

1.25

0.52

0.14

0.011

Table 3. Chemical composition of flux OP 132, wt%.
Al2O3 + MnO

SiO2 + TiO2

CaF2

CaO + MgO

0.35%

0.20%

0.15%

0.25%

Figure 8. Weld seam preparation.

four electrodes. The wire grade was OE-S3MoTiB, and
the flux was OP 132. Both the wire and the flux are
optimized for multi-wire welding using two-run SAW
technique for applications with high toughness requirements. The chemical composition of the wire and the
flux is listed in Tables 2 and 3, respectively. The welding groove preparation is shown in Figure 8.
The welding procedure was performed by four wires
on two sides of the plate. Welding electrode diameter is
4 mm, and other parameters such as current, voltage,
and welding speeds are listed in Table 4. No preheat or
postheat weld treatment was performed. The results of
the chemical composition analysis of the base metal,
welding electrode, and weld metal are presented in
Table 5.
The welded steel was tested using criteria for Arctic
use. Tensile test according to DIN EN 10002-1 is performed at room temperature. The specimen type
Minitrac, of diameter 5 mm and length 25 mm, according to ISO 6892, was used for testing. The results of the
tensile test are shown in Table 6.
An impact strength test was done according to DIN
EN 10045-1 (Charpy V). The specimen was made
according to ISO 148-1:2009 standard, and notch position was T, according to DIN EN 875. The results of
the test are given in Table 7. As can be seen, the welding

Table 4. Welding parameters of the experiment.
Welding from inside
Welding wire number
Polarity
Current (A)
Voltage (V)
Welding speed (m/min)

1
DC
700
30
2

2
AC
650
34

Welding from outside
3
AC
600
37

4
AC
550
38

1
DC
900
32
2.1

DC: direct current; AC: alternating current.
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2
AC
700
36

3
AC
600
40

4
AC
500
42

0.0020
0.0079
0.0049

Fracture
position

759

649

22.4

73.0

1/2

0.033
0.004
0.021

Reduction
of area
Z (%)

0.0003
0.0126
0.0019

Elongation
A5 (%)

0.0027
0.111
0.0175

Yield
strength
ReH (MPa)

Nb

Ultimate
tensile
strength
Rm (MPa)

B

N2

Table 6. Results of the tensile test.

Table 7. Impact energy test results.

Impact energy (J)

116
120
124

109
103
78
77

156

120

92

48
87
62
71
52
64

Peak
negative
pulse in
trailing
arc (A)

Welding
speed
(m/min)

Thickness
(mm)

360

680

0.73

12

0.070
0.045
0.066
0.004
0.005
0.005
0.410
0.279
0.353
1.710
1.374
1.717
Base metal (X70 pipe)
Wire (OE-S3MoTiB)
Weld metal

0.101
0.130
0.080

0.015
0.006
0.016

Cr
S
Si
Mn

P

Peak positive
pulse in
trailing
arc (A)

0.051
0.030
0.044

445

Ni

0.006
0.496
0.153

Leading arc
current
(A)

V

Table 8. Welding parameters.5

Mo

0.086
0.026
0.105

152
159
157

0.044
0.014
0.025

280

0.081
0.008
0.054

260

Ti

246

Cu

220

Al

Test temperature, °C

Average impact energy (J)

C

Table 5. Chemical composition of base metal, welding wire, and the weld metal, wt%.

0.0030
0.0033
0.037
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O2

8

Figure 9. Tandem wire arrangement. All sizes are given in
millimeter.5

procedure showed satisfactory results, and the welded
steel is suitable for application in Arctic structures.
Multi-wire welding case study of welding typical high-strength
low-alloyed steel. In a study by Kiran et al.,5 single-pass
tandem SAW was examined for welding high-strength
low-alloyed (HSLA) steel. The experiment arrangements as well as welding parameters are shown in
Figure 9 and Table 8.
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Figure 10. Various SAW modifications for increased of deposition rate: (a) cold wire welding modification, (b) metal powder or
chopped wire welding modification, (c) strip welding modification, and (d) hot wire welding modification.35

The experimental investigation demonstrates that
the weld bead width and weld reinforcement height
mostly depend on the trailing electrode current. The
depth of penetration is mostly affected by the lead electrode current. Larger trailing wire current pulses
enhance the size of the weld pool, which tends to slower
the cooling time, inhibits AF phases in weld microstructure, and results in nonsatisfactory mechanical
properties of the weld. Contrary, the increase in the
speed of welding reduces the weld pool size, leading to
higher cooling rate, which promotes a larger volume
fraction of AF phase and, therefore, improved mechanical properties of the welding groove.

SAW with metal powder additions
In SAW with metal powder additions, the deposition
rate can be considerably increased while maintaining
constant current and voltage. Metal powder additions
are used with the SAW process to decrease the arc
energy needed to complete a joint. Utilization of metal
powder addition can increase the deposition rate up to
100 kg/h. Using powder addition is an inexpensive way
of significantly increasing the deposition rate. The gain
in the deposition rate is realized by either the addition
of a currentless wire (cold wire) or a preheated filler wire
(hot wire). The use of a rectangular strip instead of a
wire electrode delivers a higher current-carrying capacity and expands the application range of the SAW
method to a wide range of surfacing applications.35
Figure 10 illustrates various SAW modifications.

In SAW modifications using powder, typical chemical composition of the powder is 0.15% C, 0.40% Si,
1.7% Mn, 0.010% P, and 0.010% S. Typical grain size
of the powder is from 0.071 to 0.75 mm, with a density
of about 3 kg/dm3.
The powder can also be used to add certain elements
to the weld to obtain special properties such as lowtemperature resistance, improved AF formation, or better corrosion resistance. Research46 has evaluated the
effects of alloy additions of Ni, Mo, and Ni and Mo on
the impact toughness of an HSLA API X70 steel
welded by SAW. It was found that Ni additions contributed to low impact toughness and a raised fracture
appearance transition temperature in the weld metal.
The formation of AF should be attributed to the influence of Ni. The increase in Mo content created an AFpredominant weld metal microstructure with strongly
improved toughness.46 Therefore, the combined presence of Ni and Mo in the weld metal decreased the volume fractions of grain-boundary ferrite and promoted
formation of high toughness of AF.
The influence of titanium powder additions on API
5L-X70 steel was studied in Beidokhti et al.47 It was
found that the best combination of microstructure and
impact properties was obtained in the range of 0.02%–
0.05% Ti in the weld metal. With further increased Ti
content, the microstructure changed from a mixture of
AF, grain-boundary ferrite, and Widmanstätten ferrite
to a mixture of AF, grain-boundary ferrite, bainite,
and ferrite with a martensite–austenite micro constituent. Accordingly, the fracture mode changed from
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dimpled ductile to quasi-cleavage. Titanium-based
inclusions are beneficial for the impact toughness properties, as Ti contributes to the increase in AF formation
in the microstructure.47
The process scheme for SAW with metal powder
additions is shown in Figure 11. As can be seen, there
are two options for supplying metal powder to the weld
(options a and b in Figure 11). The easiest way is to add
the powder in front of the welding electrodes (option a).
The powder is supplied to the weld and after that it is
covered by the flux. A welding machine with metal
powder addition to the welding groove area in front of
the welding electrodes is provided in Figure 12(a).
The option b shown in Figure 12 shows that it is
also possible to supply metal powder via a pipe fixed
between the welding electrodes. This technique is beneficial because the metal powder is added straight into

Figure 11. SAW process with the addition of metal powder.27

the space between welding wires. The approach is especially applicable in case if both welding electrodes are
placed successive. The reason is the first arc burns
between the workpiece and the first welding electrode
allowing deeper penetration. The arc of the second
welding electrode melts the metal powder. Metal powder additions allow extremely high energy efficiency,
keeping the use of shielding flux low. Possible metal
powder delivery layouts are shown in Figure 13(a)
and (b).
Metal powder also can be used with a multi-wire
SAW process. A welding system which combines several welding electrodes and the addition of the metal
powder is shown in Figure 13(c).
This figure illustrates the twin-wire welding system
with metal powder added to the welding zone parallel
to the wires. The current moving inside the welding
electrode creates the magnetic field, which in turn magnetize the metal powder to merge with the welding pool.
After being attracted to the welding zone, metal powder
melts and, therefore, additionally increases the deposition rate of the welding process. Welding equipment
can include various amounts of welding electrodes,
ranging from one to four or more, depending on the
application requirements.
Figure 13 shows experimentally obtained values for
the deposition rate as a function of current value per
wire in multi-wire welding with a welding electrode diameter of 3 mm.43 As can be seen from Figure 13, the
deposition rate increases slightly more than exponentially with the increase in welding current and exponentially with each additional welding electrode.39
One of the benefits of SAW with metal powder additions is a reduction in the shielding flux consumption.
Figure 14 illustrates utilization of the flux depending on
the welding current. The above-mentioned chart shows
that less shielding flux is used if the metal powder is
supplied to the welding area.39,43

Figure 12. Various arrangements of metal powder supply: (a) welding system with two wires and metal powder added to the
welding area, (b) welding system with four welding electrodes and metal powder additions, and (c) welding system with four welding
electrodes and metal powder additions.39
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Table 9. Comparison and summary of SAW processes.
Welding
process

Deposition
rate (kg/h)

Plate thickness
(mm)

Advantages

Disadvantages

Typical Arctic
applications

Conventional
SAW

5–15

Up to 45

Easy and costefficient method

Low deposition rate

NG SAW

5–10

Up to 300–400

Decreased welding
consumable usage,
all-position and
one-side welding
capability, lower
residual stresses
and distortions

Twin-wire SAW

10–20

20–100

Tandem SAW

10–30

Up to 150

Easy and costefficient
modification of
SAW
High welding
speeds, possibility
to use cored wire

Tandem–twin
SAW

15–40

Theoretically
unlimited if multipass welding is
used

Joint fit up must be
precise to achieve
uniform joint, possibility
of slag inclusions, lack of
fusion in the side wall,
entrapment of slag due to
poor cleaning, high
accuracy of power supply
required, expensive filler
material and equipment
are needed, repair of
defect is difficult
Two wires are used with
one welding head, and
therefore, produces high
heat input
Expensive equipment as
two power sources are
used
Large welding head and
complex equipment

Conventional
applications for
shipbuilding and
icebreakers
Thick plates, heavy
wall pressure vessels,
pipes in the Arctic and
circumferential joints

Three-wire
SAW

25–60

Four-wire SAW
Single-wire
SAW with
metal powder
additions
(1:1 powder–
metal ratio)

45–80
5–20

Single-wire
SAW with
metal powder
additions
(1.5:1 powder–
metal ratio)
Two-wire SAW
with metal
powder
additions

10–30

Up to 100

Offshore, shipbuilding
(joining thick plates
for Arctic service)
Offshore, shipbuilding
(joining thick plates
for Arctic service)
Can be used for joints
that allow accessibility
for rather large
welding head
equipment
Heavy plate sections
for shipbuilding

Extremely high
deposition rate

Special equipment and
arrangements are
required

Up to 50

Simple and costefficient method to
increase
productivity, ability
to alloy the weld
by adding alloying
elements to metal
powder (Ni, Mo,
Ti)

Slight modifications in
equipment are required

Shipbuilding and other
conventional
applications that allow
use of large
equipment. The
addition of Ni and Mo
allows to obtain better
low-temperature
resistance for Arctic
applications

Theoretically
unlimited if multipass welding is
used

Further increases
the deposition rate

Complex equipment and
large welding head

Special applications
that require extremely
high deposition rates

NG: narrow gap; SAW: submerged arc welding.

Utilizing metal powder addition permits the attainment of a high rate of weld deposition and more economical use of filler material. However, this modification
still has all the disadvantages of SAW, namely, difficult
arc starting, the possibility to weld only in flat positions,

and limitations for materials to be welded. Aluminum
alloys, magnesium alloys, and titanium cannot be welded
because of the nonavailability of the flux. SAW with
metal powder additions is currently used mainly for
heavy steel plate fabrication in shipbuilding.48
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Figure 13. Metal deposition rates in SAW with metal powder
addition. Electrode diameter is 3 mm.45

Figure 14. Use of shielding flux in SAW and SAW with the
addition of metal powder depending on the electric current.
Parameters of the experiments were U = 25 V, Vw = 0.9 m/min,
and welding electrode diameter is 3 mm.43

Discussion
This article focuses on various modifications of SAW,
such as NGW, multi-wire SAW, and SAW with metal
powder addition. A summary and comparison of key
features of these processes is given in Table 9.
NG SAW has various economic benefits, for example, reduced demand for filler material and higher
welding speed, whereas technical advantages are less
shrinkage, lower distortion, and reduced residual stresses due to fewer passes. Most common applications of
NG SAW are for materials particularly sensitive to
heat input, including HSLA steels, stainless steels, aluminum, and titanium alloys. These materials are most
often used for construction of large structures (such as
Arctic offshore structures) and components, such as
shells, drums, steam pipes, pressure vessels, power
plant components, and penstocks. Clearly, the reduced
groove area allows cost reduction; however, too narrow
groove might cause insufficient penetration.
Multi-wire SAW is capable of delivering extremely
high deposition rates, as well as filling wide joints.

There are several possible arrangements of wires to
adjust the process to a particular application. Multiwire SAW usually utilizes 2–4 electrodes, each playing
a unique role in the weld formation. Typical materials
that can be welded using multi-wire SAW are thick sections made of non- and low-alloyed steels, including
HSLA steels and HSS. The Arctic applications usually
demand the use of thick plates; therefore, the multiwire SAW is highly suitable. Increasing number of
welding wires is one of the easiest steps to increase productivity. Generally, melt in rate of twin SAW is
increasing up to 30%; nevertheless, the problem of
achieving the required penetration depth can arise. The
case study carried out for this article demonstrates the
application of recommended parameters and shows
multi-wire SAW example of welding 12.7 mm X70
Arctic grade steel plate with four wires.
SAW with metal powder addition is used to reduce
the arc energy needed to complete a joint. Utilization
of metal powder is a simple and cost-efficient way to
significantly increase the deposition rate. Powder can
be used to add certain elements to the weld in order to
obtain special properties. Nevertheless, this modification still exhibits the most typical disadvantages of
SAW, namely, difficult arc starting, the possibility to
weld only in flat positions, and limitations on materials
that can be welded. Aluminum alloys, magnesium
alloys and titanium cannot be welded because of nonavailability of the flux. SAW with metal powder additions is used mainly for heavy steel plate fabrication in
shipbuilding, such as icebreakers.

Conclusion
Materials for Arctic use should satisfy strict requirements imposed by the relevant standards, such as
Charpy V notch test and CTOD test. The most critical
part of the structure which usually fails these tests is
the HAZ. Therefore, it is highly important to select
correct welding process and parameters to prevent such
failure. One of the most important welding process
parameters which influences the low-temperature steel
properties is the heat input. The special attention
should be paid to limit the heat input during welding.
Development of the Arctic industry will require welding large amount of thick HSS, and welding of HSS
plates becomes especially challenging in light of the
trend to increase tensile strength as a way to decrease
the weight and cost of structures. Therefore, it is
important to use high deposition welding processes to
shorten manufacturing time and expenses. One of the
most used welding processes in shipbuilding in offshore
structure production is SAW. This article described
and compared various SAW high deposition modifications such as NG SAW, multi-wire SAW, and SAW
with metal powder additions.
This article included discussion of two case studies
on multi-wire SAW of Arctic steels. The experiments
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for the first case study were carried out for the current
research paper, and it was an experiment of welding
X70 12.7-mm steel plate with a four-electrode welding
technique. The obtained weld was tested by impact and
tensile tests and showed acceptable values. The second
case study described tandem welding of HSLA steel for
Arctic service. The experiment covered welding parameters that were used to achieve a successful result.
It is concluded that for successful operations in the
Arctic area, advanced welding technologies should be
used. The quality and productivity of the weld joints produced by the advanced welding processes and methods
examined allow efficient production of desired weld joints
fulfilling the properties required for Arctic conditions.
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Abstract
Background: The paper presents a study of E500 TMCP European and F500W Russian Arctic shipbuilding thick
steel plates. E500 steel plate (thermo-mechanically controlled process (TMCP), 25 mm thickness) and F500W steel
plate (QT, 30 and 35 mm thickness) are designed for operation in Arctic conditions at temperatures as low as −40
and −60 °C, respectively.
Methods: The steels were evaluated in terms of base metal quality and welding performance. Welds and
base metal were tested by methods described in International and Russian standards, namely the static
tension test, Charpy V-notch impact test, drop weight test to determine nil-ductility transition (NDT)
temperature, threepoint bending (Tkb) test, and crack tip opening displacement (CTOD) test. European E500
TMCP steel was evaluated according to the requirements of Russian standards; additionally, the research
assesses the ability of E500 TMCP steel plates to meet the requirements of special tests required by the
Russian Maritime Register of Shipping, such as Tkb and NDT tests.
Results: F500W QT obtains better results in special tests like NDT (−100 °C is better than −65 °C) and CTOD (CTOD
−40 °C average 1.18 mm > 0.41 mm). Using quenching followed by high tempering enables possible operational
temperatures down to −70 °C. However, the NDT test is required only in Russian standards. E500 steel base metal tests
showed applicability based on criteria of the Charpy test at temperatures as low as −85 °C; based on criteria of NDT at
−65 °C; based on Tkb criteria only at −40 °C; and CTOD test showed E500 applicability to as low as −55 °C. E500
welding tests showed, that Charpy impact toughness values are limiting the use of MMA welds to −20 °C, and FCAW
and SAW welds can be utilized with some limitations at −40 °C. CTOD of the welded joint showed that E500
applicability at −40 °C is satisfactory just on the borderline of the standard requirements.
Conclusions: The test results showed fair performance for both the European and Russian steels. The steels were
found to meet the requirements for Arctic application of both European and Russian standards.
Keywords: Shipbuilding, High-strength steels, Cold resistance, CTOD, NDT, Tkb, TMCP, QT, SAW, Welding, Thick plates

Background
Environmental conditions in the Arctic are extremely
harsh, with low temperatures (down to −70 °C), ice sheet
formation, long periods of darkness, strong winds, and
remote locations. Consequently, the design of ships and
offshore structures intended for Arctic service presents
significant engineering challenges.
* Correspondence: pavel.layus@lut.fi
1
Laboratory of Welding Technology, Lappeenranta University of Technology,
Lappeenranta, Finland
Full list of author information is available at the end of the article

Due to the remoteness of Arctic locations, construction cost penalties increase tremendously with increased
weight of construction materials and equipment and
there is thus demand for lightweight structures and
weight reduction in Arctic maritime vessels and installations. Ships and lightweight structures are usually made
of high-strength steels, which allow use of thinner steel
plates for the same load-bearing capacity. Thinner plates
are beneficial for shipbuilding and structural applications
as they make the welding process easier and cheaper.
High-strength steels make it possible to design not only

© 2016 Layus et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.
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lightweight structures and ships but also simple structures with simple joint designs.
The most common high-strength steel types are
thermo-mechanically controlled processed (TMCP) steel
and quenched and tempered (QT) steel. TMCP is currently in the research spotlight because, for the same
mechanical properties, TMCP steel has a lower carbon
equivalent (Ceqv) than QT steel. The carbon equivalent
level correlates with weldability; the lower the Ceqv, the
better the weldability.
A small amount of research has been done on the applicability of TMCP and QT high-strength steels for the
Arctic region. Lee et al. (2012) reviewed the use of
TMCP steel SM570-TMCP in cold regions and
concluded that selection of a suitable welding process is
essential for utilization of TMCP steels in such environments. In other work, Yan et al. (2014) investigated the
mechanical properties of QT S690 steel in Arctic conditions. Further work by Shin et al. (2006) focused on the
fracture characteristics of TMCP and QT steels in Arctic
conditions.
TMCP steel use is on the rise in many large-scale
industrial applications, such as shipbuilding, steel structures, and transport. This paper evaluates thick Finnish
TMCP E500 steel plate manufactured by Rautaruukki
Oy and two Russian QT F500W steel plates manufactured by PAO Severstal. The two F500W steel plates differ by the billet from which they are made; one steel
plate is manufactured from ingots and the other from
slabs. Evaluation of the steels included mechanical and
cold-resistance property assessment of base metal and
welds. Joint experiments to determine the mechanical
properties of F500W steel plates (30 and 35 mm) and
E500 steel plate (25 mm) were conducted as a part of
the Arctic Technology Development project (Arctic Materials Technologies Development (Arctic Development)). According to specification, F500W steel can be
used for Arctic applications at temperatures as low as
−60 °C (letter “F”) and has improved weldability (letter
“W”). Steel E500 is designed for Arctic applications at
temperatures as low as −40 °C (letter “E”) (GOST R
52927-2008). Comparison analysis of the two steel
grades included chemical composition assessment,
microstructure examination, mechanical properties
tests, impact toughness tests at low temperatures, and
special cold-resistance tests—the nil-ductility transition (NDT) temperature test, the three-point bending
(Tkb) test, and the crack tip opening displacement
(CTOD) test. Table 1 contains a complete list of the
experiments conducted to test F500W and E500 steel
plates’ base metal and welded joint properties.
Specimens for the tests were cut from the steel plates
using a water jet cutting machine. The water jet cutting
method was selected to minimize heat input to the base
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Table 1 List of experiments conducted to evaluate F500W and
E500 steel plates
Base metal

Welded joints

Chemical composition

Chemical composition

Microstructural analysis

Mechanical properties

Mechanical properties

Hardness measurement

Cold-resistant tests:
• Charpy V-notch impact test
• NDT test
• Tkb test
• CTOD test

Cold-resistant tests:
• Charpy V-notch impact test
• CTOD test

metal and to reduce waste metal during the cutting
process. Tests were carried out according to International and Russian standards (GOST R 52927-2008;
ASTM E208; GOST 9454-78; GOST 1497-84; GOST
14019 80; GOST 2999-75; ASTM E112 13; ASTM
E1382 - 97 2999; GOST 5639 82; BS 7448-1:1991; ISO
15653 2010; Russian Maritime Register of Shipping et al.
2012; EN ISO 19902 2007; DNV OS B101 2009; DNV
OS C401 2010; API RP2Z:2005). Standard requirements
for Arctic application of E500 and F500W steel plates
are listed in Table 2.
As can be seen from Table 2, the Russian classification
societies currently have higher requirements for steels
intended for Arctic service than European and American
classification societies. In Russian standards, obligatory
tests of the base metal include Tkb and NDT tests and
there are more stringent requirements for the Charpy Vnotch impact test and CTOD test. Based on the results
of the whole set of tests, an appropriate temperature Td
(design temperature) is determined. Td indicates the
temperature at which the steel can be used for the most
critical and heavily loaded elements of hull structures
and other Arctic applications (Gusev 2013).

Methods
Base metal evaluation
Chemical composition

Information on steel plate thickness, manufacturing
method, grades, and chemical compositions was measured and is given in Table 3. The F500W steel plates
(30 and 35 mm) are made by QT method, and the E500
steel plate (25 mm) is made by TMCP. Therefore, E500
and F500W steel chemical composition is significantly
different.
Russian RMRS standards (Russian Maritime Register
of Shipping et al. 2012) and European standards (EN
10149 2) specify the maximum permissible percentage
of sulfur and phosphorous in the chemical composition.
For the analyzed high-strength steels, the maximum percentage should be below 0.005 and 0.01 % for sulfur and
phosphorous according to RMRS rules and below 0.025
and 0.015 % for sulfur and phosphorous, respectively,
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Table 2 Standard requirements for E500 and F500 steels (GOST R 52927-2008; ASTM E208; GOST 9454-78; GOST 1497-84; GOST
14019 80; GOST 2999-75; ASTM E112 13; ASTM E1382 - 97 2999; GOST 5639 82; BS 7448-1:1991; ISO 15653 2010; Russian Maritime
Register of Shipping et al. 2012; EN ISO 19902 2007; DNV OS B101 2009; DNV OS C401 2010; API RP2Z:2005)
Classification society

σt, MPa

σ0.2, MPa δ5, % Impact energy,
Temperature of
KV−60 (for grade F) ductile-to-brittle
−40
and KV
transition, TbKB, °C
(for grade E), Ja

RMRS

610–770 500

18

80

≤−33

≥0.20

−50

European and American 610–770 500
classification societiesd

18

50e33f

–

≥0.15g≥0.13h

–

CTOD of plates up to
Nil-ductility transition
50 mm thickness at −60 °C temperature (NDT), °C
(for grade F) and −40 °C
Thickness up Thickness up
(for grade E), mmc
to 30 mm
to 40 mm
−60

a

GOST R 52927-2008 for transverse specimen
Russian Maritime Register of Shipbuilding (RMRS) Tkb = 1.1Td + 10 °C
RMRS par.3.2.3.2
d
EN ISO 19902, Det Norske Veritas, Bureau Veritas, and other
e
In longitudinal direction to the rolling; according to DNV OS B101 2009
f
In transverse direction to the rolling; according to DNV OS B101 2009
g
DNV-OS-C401-2008
h
API RP2Z
b
c

according to EN 10149-2 standard. Figure 1 shows the
maximum permissible values of sulfur (a) and phosphorous (b) and the corresponding values in the studied
steels.
It can be seen from Table 3 that the E500 steel, which is
produced by TMCP, has a significantly lower amount of
chromium, nickel, and copper than the F500W steels
manufactured by QT method. The lower amount of alloying elements has a positive correlation with the steel price
and with weldability. The weldability of steel is usually defined by the equivalent carbon content (Ceqv) and the critical metal parameter (Pcm). These parameters are defined
by the steel’s chemical composition and calculated using
the following formulas (EN 1011; Ito and Bessyo 1968):

Microstructural analysis

Microstructural analysis was performed using Zeiss
Axiovert 40 MAT microscope with ×500 magnification.
All specimens for microstructural analysis, i.e., specimens of both the Finnish and Russian steels, were prepared according to GOST 5639. The resulting photos
revealed that the E500 steel consists of 50 % lath bainite,
whereas in the F500W steel, the total share of lath bainite is less than 20 %. Higher lath bainite content contributes to the increase in strength of high-strength lowcarbon steel (Kong and Lan 2014). Tables 5 and 6
present images showing the microstructure and key
metallurgical features of the steels.
Mechanical properties

Mn
Cr þ Mo þ V
Ceqv ¼ C þ
þ
6
5
Ni þ Cu
þ
15

To fulfill International and Russian standards (GOST R
52927-2008; ASTM E208; GOST 9454-78; GOST 149784; GOST 14019 80; GOST 2999-75; ASTM E112 13;
ASTM E1382 - 97 2999; GOST 5639 82; BS 7448-1:1991;
ISO 15653 2010; Russian Maritime Register of Shipping
et al. 2012; EN ISO 19902 2007; DNV OS B101 2009;
DNV OS C401 2010; API RP2Z:2005), the studied grades
of high-strength steels must meet special requirements to
be eligible for Arctic service, which are the following:

ð1Þ

Si
Mn þ Cu þ Cr
Pcm ¼ C þ
þ
30
20
Ni
Mo
V
þ
þ
þ 5B
þ
60
15
10

ð2Þ

The results of the calculations are shown in Table 4. It
can be seen that the E500 TMCP steel has lower values
for both Pcm (0.19 vs 0.22) and Ceqv (0.41 vs 0.46) and it
can therefore be considered as having better weldability
properties. Additionally, it can be seen that the F500W
steel manufactured from ingots has higher Ceqv than the
F500W steel made from slabs.






Tensile strength (σt) 610–770 MPa
Yield strength (σ0.2) ≥500 MPa
Elongation (δ5) ≥18 %
Relative contraction ratio in thickness direction
(Ψ) >35 %

Table 3 Chemical composition of E500 and F500W steel plates, wt%
Steel grade, plate thickness, and production method C

Si

Mn

S

P

Cr

Ni

Cu

Al

N2

V

Ti

Nb

Mo

E500, 25 mm, TMCP

0.08 0.25 1.50 0.001 0.008 0.05 0.90 0.15 0.053 0.003 0.008 0.018 0.035 0.013

F500W, 30 mm, QT

0.09 0.29 0.65 0.001 0.006 1.18 1.96 0.35 0.030 0.006 0.004 0.003 0.025 0.122

F500W, 35 mm, QT

0.09 0.24 0.65 0.002 0.006 0.48 1.28 0.61 0.020 0.008 0.010 –

0.029 0.190
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Fig. 1 Percentage of sulfur (a) and phosphorous (b) in E500 and F500W steel plates

Mechanical properties were determined by static tension tests of cylindrical samples and full-thickness tests.
The static tensile tests were conducted to determine
the ultimate tensile strength, maximum elongation,
relative contraction ratio in thickness direction, and
relative uniform elongation. Test specimens were prepared according to standard (GOST 1497-84): specimen type 3 no. 4. Figure 2 depicts the specimen
preparation, and Table 7 presents results of the
experiments.
The F500W steel plate of 30 mm thickness has higher
values of σ0.2 and σt than the other steel plates. The test
results show a significant difference in the elongation δ5
values. Steel plate F500W of 30 mm thickness manufactured by QT has a 10 % lower elongation value than
E500 TMCP steel.
Cold-resistant tests

Cold resistance is a key characteristic of steels intended
for Arctic applications. Poor cold resistance of the steel
or welded joints can result in catastrophic failure caused
by brittle fracture behavior of steel at low temperatures.
Therefore, a comprehensive set of tests has been developed by standard societies to evaluate the cold-resistant
properties of steels. This paper analyzes E500 and
F500W steel plates using cold-resistant tests demanded

by International and Russian standards: Charpy V-notch
impact test, NDT, CTOD, and Tkb tests. The Tkb test is
only required by Russian standards. The cold-resistant
properties of E500 and F500W (35 mm) are mostly of
interest, as the cold-resistant properties of F500W
(30 mm) were recently analyzed by another research
group (Bashaev et al. 2014).
Charpy V-notch impact test The Charpy V-notch impact test is a standardized high strain-rate test that measures the amount of energy absorbed by a material
during fracture at various temperatures. The Charpy test
is an effective way to measure resistance to brittle fracture using small-scale impact samples and is suitable for
the study of a fracture at low operational temperatures.
In the current work, Charpy tests were conducted in the
longitudinal direction at various temperatures within the
temperature range of −100 to +20 °C. Figure 3 presents
the results of Charpy tests and shows how the results
correspond to the European and Russian requirements
(GOST R 52927-2008; ASTM E208; Russian Maritime
Register of Shipping et al. 2012). Each mark point in
Fig. 3 is an average value for three measurements.
European norms (DNV-OS-B101) require at least that
the impact toughness of high-strength steels be at least
50 J in the longitudinal direction to the rolling and at least

Table 4 Pcm and Ceqv weldability parameters of E500 and F500W steel plates
Steel grade, plate thickness, and production method

Starting billet

Pcm, %

Сeqv, %

E500, 25 mm, TMCP

Slab

0.19

0.41

0.016

F500W, 30 mm, QT

Ingot

0.25

0.61

0.020

F500W, 35 mm, QT

Slab

0.22

0.46

0.013

Specific alloying contentСeqv (%)/plate thickness, mm
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Table 5 Microstructure of steel plates, magnification ×500

33 J in the transverse direction to the rolling. At the same
time, the Russian (RMRS) requirement for Charpy impact
energy value is 80 J for the studied steel grades (−40 °C for
E category steel and −60 °C for F category steel) (Russian
Maritime Register of Shipping et al. 2012). As can be seen
from Fig. 3, the tested steel plates exhibit sufficiently high
Charpy impact energy values at the temperatures studied;
moreover, E500 steel can be used at −60 °C and F500W
steel can be utilized even at −80 °C. Table 8 shows the
fracture surface of the Charpy specimens.
As it can be seen from Table 8, Charpy specimens
were fractured in mostly ductile fracture mode, with
small regions of brittle fractures. The impact toughness
values are well above the minimum required values for
both grades of steel. E500 steel fracture surface images
reveal some brittle fracture regions.
NDT test The ductile-brittle transition temperature of
a material represents the temperature at which the fracture energy passes below a predetermined point. The
temperature above which a material is ductile and below

which it is brittle is known as the nil-ductility transition
(NDT) temperature. The NDT temperature point is
important since once metal is cooled below that
temperature, it has a greater tendency to fracture on impact instead of bending or deforming. The NDT test
was performed using a vertical drop-testing machine
K90 with an impact energy of 1350 J according to RMRS
rules (Russian Maritime Register of Shipping et al.
2012) and ASTM E-208 standard (ASTM E208). Figure 4
shows test specimen dimensions, and Table 9 shows the
results of the NDT test.
Results of the NDT test were evaluated according to
ASTM E208. Specimens were marked as either fractured or non-fractured. Fractured specimens are specimens with a crack that propagates from the cladding
metal to the base metal. Non-fractured specimens have
a crack only in the cladding metal. Critical temperature
NDT was determined as the highest temperature, with
an interval of 5 °C, at which at least one specimen fractured. The results of the NDT tests are given in
Table 9.
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Table 6 Microstructural features

NDT test results show that both steels can be used at
the studied temperatures. The F500W steel, however,
can be used even at the much lower temperature of
−100 °C. Figure 5 shows NDT specimens after testing.
Tkb test The Tkb test is a three-point bending test used
to determine the temperature of ductile-to-brittle transition. This test is mostly used by the Russian industry
and is required by RMRS rules. The Tkb temperature is
determined by destroying a series of specimens at various temperatures and evaluating the percentage of brittle fracture on the fracture surface. The testing
temperature which corresponds to 70 % ductile fracture

on the surface of the crack is the resulting temperature
of the Tkb test (Russian Maritime Register of Shipping
et al. 2012). The Tkb test according to RMRS rules (Russian Maritime Register of Shipping et al. 2012) and BS
7448 (BS 7448-1:1991) is performed on a specially
shaped full-thickness specimen; geometrical dimensions
of the specimen are shown in Fig. 6.
Tkb tests were performed on a universal testing
machine Schenck PEZ-4371, and brittle fracture examination was done using a Philips electron microscope EM535. The percentage of ductile fracture was measured
according to GOST 30456 97. Tkb tests results are
shown in Table 10.

Fig. 2 Static tension test specimen, sizes are given in millimeters (GOST 1497-84)
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Table 7 Mechanical properties of E500 and F500W steels based on static tension tests of cylindrical samples
Steel grade
and plate
thickness

Top of the sheet
σt, MPa

σ0.2, MPa

δ5, %

Ψ, %

End of the sheet
σt, MPa

σ0.2, MPa

δ5, %

Ψ, %

E500, 25 mm

635

550

24.0

67

620

515

27

73

F500W, 30 mm

715

655

22.5

73

705

650

21

78

F500W, 35 mm

615

520

23.0

74

600

500

27

75

σt tensile strength, σ0.2 yield strength, δ5 elongation, Ψ relative contraction ratio in thickness direction

Both tested steel plates, E500 and F500W, showed
similar results. Tkb is a full-thickness test; therefore,
similar E500 and F500W results are substantially different, and F500W performs significantly better, as it is
10 mm thicker.
Specimens after testing are shown in Fig. 7.
CTOD test The crack tip opening displacement
(CTOD) test measures the resistance of a material to
crack propagation. CTOD tests were conducted according to RMRS rules (Russian Maritime Register of Shipping et al. 2012) and BS 7448 P.1 (BS 7448-1:1991).
Growth of fatigue cracking was assessed on a universal
testing machine Schenck PEZ-4371 with 250-kN load at
a frequency of 5–8 Hz. The total number of loading cycles for the specimens was at least 55000. Figures 8 and
9 show the full-thickness specimen design for the CTOD
tests, and Table 11 presents the results of the test for the
steel grades studied. Figure 9 shows the CTOD-testing
process, which starts with cooling down the specimen to
a few degrees below the testing temperature, e.g., if the
intended testing temperature is −60 °C, the specimen is
cooled down to about −62 °C. The next step is the specimen assembly, placing it into the testing machine, and
thermo gauge installation. Gauges are used for precise
temperature control during testing. The test starts when
the temperature of the specimen becomes equal to the
intended test temperature. During the test, the obtained
data is collected and recoded into the special software

programme. The recoded data includes applied load,
crack-tip opening displacement, load-line displacement
and time.
CTOD test results at −40 °C showed the superiority of
the F500W steel plate made by QT method. RMRS rules
(Russian Maritime Register of Shipping et al. 2012) set a
required CTOD value for the tested steels in the range
of 0.15–0.30 mm, depending on the importance of the
structural element and the loading conditions. Figure 10
shows test results plotted and compared with RMRS
standard requirements. It can be seen that the E500 steel
can be utilized only at temperatures higher than approximately −55 °C, since it does not satisfy RMRS
standard requirements below that temperature.
Welding joint evaluation

Cold-resistant properties often reduced in welded highstrength steel joints. Most welding processes bring inevitable microstructural changes to the steels, which occur
as a result of high heat input during welding. Microstructural changes in the weld are influenced by the steel
alloying elements, the steel production method, and heat
input, among other factors.
The microstructure of the heat-affected zone (HAZ)
between the weld and the base metal varies continuously
and is determined by the cooling rate, chemical composition and hardenability of the steel, the grain size and
the degree of homogenization of the austenite carbon
content, and alloying and microalloying elements before
welding.
Major microstructural changes happen throughout the
weld, which is divided into four zones (Fig. 11):
1. Grain growth zone or coarse-grained heat-affected
zone (CGHAZ)
2. Recrystallized zone or fine grain heat-affected zone
(FGHAZ)
3. Partially transformed zone or inter-critical heataffected zone (ICHAZ)
4. Tempering zone (warming up in the vicinity of AC1
temperatures)

Fig. 3 Results of Charpy V-notch impact test and its correspondence
to RMRS and European standard requirements

The heating and the cooling rate during welding is
dependent on several factors: the thickness of the metal,
the welding current, the temperature of the metal to be

Layus et al. International Journal of Mechanical and Materials Engineering (2016) 11:4
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Table 8 Fracture surface of Charpy specimens

welded, the number of passes in the welding, and the
welding heat input. Each of the above factors, individually and combined, can significantly affect the formation
of microstructures in each of the four designated zones
of the HAZ.
Welding experiments conducted as a part of the comparison of the E500 and F500W steel plates were carried
out using a number of different welding processes. Steel
plates were welded to form butt joints. The following
welding methods and welding consumables were used
for the E500 plate:
 Manual metal arc (MMA) welding—welding

 Semi-automatic flux-cored arc welding (FCAW)—-

flux-cored wire: ESAB Tubrod 15.27, diameter
1.2 mm.
 Submerged arc welding (SAW)—welding wire: Sv10GNA, diameter 4 mm, and flux: ESAB OK 10.62.
The following welding methods and welding consumables were used for the F500W plate (35 mm thickness
only):
 Semi-automatic metal inert/active gas (MIG/MAG)

welding—wire: Megafil 550R (EN 17632-A: T 55 6
Mn1Ni P M 1 H5), diameter 1.2 mm. Gas mixture:

electrodes: ESAB OK 75.75, diameter of 4 mm.
Table 9 Results of NDT tests
Steel grade and Temperature, °C Type of fracture Critical temperature
plate thickness
NDT, °C
E500, 25 mm

F500W, 35 mm

Fig. 4 NDT specimen view and dimensions according to ASTM
E208; sizes are given in millimeters

−70

Fractured

−65

Fractured

−55

Non-fractured

−60

Non-fractured

−60

Non-fractured

−60

Non-fractured

−65

Non-fractured

−80

Non-fractured

−95

Non-fractured

−95

Non-fractured

−95

Non-fractured

−100

Fractured

−65

−100
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Table 10 Results of Tkb tests
Steel grade and
plate thickness

Temperature, °C

Ductile fracture, %

Temperature
Tkb, °C

E500, 25 mm

+20

100

−40

−35

78

Fig. 5 NDT specimens after testing

80 % Ar and 20 % CO2. Welding parameters: voltage—26 V; current—230 A; wire-feed speed—8.5 m/
min
 SAW—welding wire: Sv-10GNA (diameter 4 mm)
and flux 48AF-60.
The chemical composition of the weld metal is presented in Table 12. It can be seen that the E500 weld
metal has a significantly higher amount of alloying elements, such as Mn, Ni, and Cr, which come from the
MMA and FCAW welding consumables. The chemical
composition of the E500 and F500W steel welds welded
by SAW are almost identical.
After the welding process, specimens were prepared
for mechanical tests. Mechanical properties of the weld
metal are presented in Table 13.
E500 steels welded by MMA show extremely high
values of ultimate tensile strength (up to 915 MPa) and
yield strength (up to 849 MPa) along with low elongation values (as low as 14 %). The increase in tensile and
yield strength can be explained by the high manganese
content in the MMA welds (1.92 %) (Evans 1980).
A Vickers hardness test (HV5) of the welded samples
was performed. Hardness was measured in three lines
parallel to the plate surface in the transverse direction.
The first line is 2–3 mm below the surface of the steel
plate, the second line is the central line of the weld, and

Fig. 6 Drawing of Tkb test specimen, sizes are given in millimeters
(Russian Maritime Register of Shipping et al. 2012)

F500W, 35 mm

−35

67

−40

72

−40

75

−40

67

−45

71

−45

57

−60

42

−40

70

−40

65

−35

74

−25

79

−25

80

−10

97

−38

Ductile fracture percentage values, which are on the borderline of the test
requitements (70%) are highlighted in italics

the third line is located on the same distance from the
central line as the first line, but in the opposite direction.
Welds are shown in Fig. 12, and hardness test results are
presented in Table 14.
As can be seen from Table 14, hardness does not exceed
350 HV; therefore, the welds meet the hardness requirements of the standard (ISO 9015; GOST 2999-75).
The cold-resistant properties of the welded joints were
assessed by Charpy V-notch impact tests and CTOD

Fig. 7 Tkb specimens after testing
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Fig. 8 Specimen for CTOD test, where P is load, B is steel plate
thickness, W = 2 * t; S = 9.2 * t, sizes are given in millimeters
(BS 7448–1:1991)

tests. The results of the Charpy V-notch impact tests are
presented in Fig. 13 and Table 15.
CTOD tests of welded metal E500 (according to standard BS 7448 (BS 7448-1:1991)) with a notch on the
fusion line were conducted, and the average result was
found to be 19 mm at −40 °C (Table 16).

Results and discussion
This research work assessed E500 TMCP and F500W
QT steels and their welds based on International and
Russian Arctic service requirements and proves that
these steels can be utilized successfully for the specified
temperature range. Additionally, the research presents
data that can help to define limiting factors for steel’s
cold resistance and what standard requirements it might
fail to fulfill. Russian standards have stricter requirements for cold-resistant properties of steels, therefore
limiting the use of foreign-made steel in Russia.

Fig. 9 CTOD test procedure for SENT specimens
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Base metal chemical composition The E500 TMCP
steel has a substantially lower amount of chromium,
nickel, and copper compared to the F500W QT steels.
Clearly, low amounts of chromium, nickel, and copper
make the steel production cheaper and ease the welding
process. The E500 TMCP steel has lower values for both
parameters, which define weldability: Pcm (0.19 vs 0.22)
and Ceqv (0.41 vs 0.46). However, specific alloying content (%) over the plate thickness is even smaller for
F500W 35 mm (0.013) compared to E500 (0.016). These
numbers might explain better the F500W 35-mm welding performance. That is not the case with the ingotmade F500W 30 mm (0.020).

Base metal microstructural analysis The microstructural scans revealed that the E500 steel consists of 50 %
lath bainite. The F500W steel has a total share of lath
bainite less than 20 %. Higher lath bainite content contributes to the increase in strength of high-strength lowcarbon steel, which can be confirmed with mechanical
tests: E500 tensile strength is 635 MPa and yield
strength is 550 MPa, which is larger than corresponding values for F500W 35 mm: 615 and 520 MPa,
respectively.

Base metal mechanical properties The F500W steel
plate of 30 mm thickness has higher values of σ0.2 and σt
than E500 and F500W 35 mm. The test results also reveal significant difference in the elongation δ5 values;
they are ranging from 21 to 27 %. Steel plate F500W of
30 mm thickness manufactured by QT has a 10 % lower
elongation value than E500 TMCP steel.
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Table 11 CTOD testing of the base metal
Steel grade and CTOD−40,
plate thickness mm

CTOD−50,
mm

CTOD−60,
mm

CTOD−70,
mm

E500, 25 mm

0.60

0.50

0.10

–

F500W, 30 mm

0.73

–

0.94

0.71

F500W, 35 mm

1.18

–

–

–

Base metal cold-resistant tests: Charpy V-notch impact
test Cold resistance of the steel or welded joints is a key
factor to guarantee robust steel performance at low
temperatures and avoid failure caused by brittle fracture
behavior. Charpy test is a simple and practical way to
measure resistance to brittle fracture using small-scale
impact samples. In the current work, Charpy tests were
conducted in the longitudinal direction at various
temperatures within the temperature range of −100 to
+20 °C. The tested steel plates exhibit sufficiently high
Charpy impact energy values at the temperatures studied; moreover, E500 steel can be used at −60 °C and
F500W steel can be utilized even at −80 °C. This is important, because some standards require the design
temperature to be lower than the actual ambient
temperature for 20 °C or even 30 °C. Most Charpy
specimens were fractured in the ductile fracture mode,
containing small regions of brittle fractures. The impact
toughness values are well above the minimum required
values for both grades of steel. E500 steel fracture surface images reveal some brittle fracture regions.
Base metal cold-resistant tests: NDT test NDT test results show that both steels can be used at the studied
temperatures. The E500 steel can be utilized to as low as
−60 °C and the F500W steel can be used even at the
much lower temperature of −100 °C.
Base metal cold-resistant tests: Tkb test Both tested
steel plates, E500 and F500W, showed similar values:
−40 °C for E500 and −38 °C for F500W. However, as

Fig. 11 Various HAZ zones in the weld

Tkb is a full-thickness test; therefore, the similar E500
and F500W test results are indicating that the 35-mmthick F500W performs significantly better than 25-mm
E500 steel.
Base metal cold-resistant tests: CTOD test CTOD
full-thickness test results at −40 °C showed the superiority of the F500W steel plate made by QT method. RMRS
rules set a required CTOD value for the tested steels in
the range of at least 0.15–0.30 mm, depending on the
importance of the structural element and the loading
conditions. The E500 steel can be utilized only at temperatures higher than approximately −55 °C, since it
does not satisfy RMRS standards requirements below
that temperature.
Overall, base metal cold-resistant tests showed that
the E500 steel plate manufactured by TMCP method
showed slightly lower values of cold resistance compared
with the F500W steel plate; however, noticeable differences could be observed in special tests, such as NDT
(−100 °C > −65 °C) and CTOD (CTOD −40 °C average
1.18 mm > 0.41 mm).
The next step of the research study is the welding performance tests. Welding tests indicated that generally
both steels can be used for Arctic service. The E500 steel
was welded by MMA, FCAW, and SAW, whereas F500W
35-mm steel was welded by MIG/MAG and SAW.
Welding joint chemical composition The E500 weld
metal has a significantly higher amount of alloying elements, such as Mn, Ni, and Cr, which come from the
MMA and FCAW welding consumables. The chemical
composition of the E500 and F500W steel welds welded
by SAW is almost identical.

Fig. 10 Plotted CTOD tests results

Welding joint mechanical properties E500 steels
welded by MMA show extremely high values of ultimate
tensile strength (up to 915 MPa) and yield strength (up
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Table 12 Chemical composition of E500 and F500W weld metal
Steel grade
and plate
thickness

Welding
process

Amount of alloying elements in the weld, wt. %
C

Si

Mn

Ni

Cr

Cu

Mo

S

P

E500, 25 mm

MMA

0.07

0.37

1.92

2.32

0.29

0.10

0.27

0.012

0.013

FCAW

0.06

0.41

1.66

2.57

0.06

–

–

0.010

0.012

SAW

0.07

0.34

1.24

1.02

0.05

0.25

–

0.013

0.015

MIG/MAG

0.05

0.44

1.5

1.43

–

–

–

0.011

0.016

SAW

0.07

0.20

1.02

1.08

–

–

–

0.014

0.015

F500W, 35 mm

to 849 MPa) along with low elongation values (as low as
14 %). The increase in tensile and yield strengths can be
explained by the high manganese content in the MMA
welds (1.92 %).
Welding joint hardness measurement Weld hardness
was measured in the base metal region, HAZ, fusion line
region, and welded metal. The highest value was recorded in the E500 MMA fusion line, which was
348 HV. The other values are relatively low and do not
exceed 350 HV and, consequently, acceptable according
to the requirements.

The TMCP fabrication method is significantly cheaper
than QT, which results in a lower price for the E500 steel
plate. However, in the case of special applications and
special structural requirements, the selection of the steel
grade has to be made bearing in mind the differences in
cold-resistant properties found in this work and cannot be
made solely based on economic considerations.

Conclusions
Based on the conducted experiments, the following
conclusions can be drawn:
 Steel plates E500 (TMCP, 25 mm thickness,

Welding joint cold-resistant tests: Charpy V-notch
impact test The results of the Charpy V-notch tests
showed that F500W steel has better impact values in
most cases compared to E500. Both steels show the lowest impact test toughness values in the welded metal and
fusion line regions. E500 welded metal impact toughness
values in MMA and SAW welding are in the borderline
of acceptable values (47 J) at −40 °C. Nevertheless, the
average impact toughness values are still acceptable.
Welding joint cold-resistant tests: CTOD test CTOD
tests of welded metal E500 with a notch on the fusion
line were conducted, and the average result was found
to be 19 mm at −40 °C. The results are on the borderline
of applicability of E500 steel in Russia.

Rautaruukki Oy) and F500W (QT, 35 and 30 mm
thickness, Severstal) meet International and Russian
standard requirements for low-temperature
applications. E500 TMCP steel has low alloying
content, featuring Mn alloying (1.5 %). QT F500W
steels are highly alloyed with Cr, Ni, and Cu to
improve cold resistance. Additionally, it is
microalloyed with Mo.
 F500W obtains better results in special tests like
NDT (−100 °C is better than −65 °C) and CTOD
(CTOD −40 °C average 1.18 mm > 0.41 mm). Using
quenching followed by high tempering enables
possible operational temperatures down to −70 °C.
However, the NDT test is required only in Russian
standards.

Table 13 Mechanical properties of E500 and F500W welded metal
σt, MPa

σ0.2, MPa

δ5, %

Ψ, %

908.4
915.9
875.4

849.4
821.2
797.3

14.6
18.0
16.7

62.5
65.1
61.0

FCAW

790.9
806.3
833.1

728.9
751.3
759.5

20.9
15.9
18.4

68.0
68.2
67.9

SAW

614.2
614.6
612.8

514.0
511.4
497.8

24.8
24.6
22.9

74.3
66.8
72.6

Steel grade and plate thickness

Welding process

Heat input, kJ/mm

E500, 25 mm

MMA

Not measured

F500W, 35 mm

MIG/MAG

3.0–3.5

621.2

532.8

22.7

65.4

SAW

1.2–1.5

622.6

562.1

23.3

73.6

For F500W steel, average values for the testing of three specimens are given in the table
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Fig. 12 Transverse microsection of butt welds: a MMA welding of E500 steel, b FCAW welding of E500 steel, c SAW welding of E500 steel and d
SAW welding of F500W

Table 14 Hardness of the welds
Steel grade
and plate
thickness

Welding
process

Line

E500, 25 mm

MMA

FCAW

SAW

Hardness, HV5
Base metal

HAZ

Fusion line

Welded metal

1

255, 254, 250

255, 227, 244, 234, 231, 251

309, 348, 317, 279, 279, 293

271, 268, 276

2

207, 198, 210

268, 273, 254, 233, 247, 238

317, 292, 305, 292, 301, 315

309, 303, 283

3

213, 218, 211

217, 231, 240, 216, 214, 210

276, 274, 268, 258, 260, 245

273, 254, 271

1

201, 193, 198

219, 219, 214, 189, 201, 204

214, 211, 219, 203, 210, 205

204, 207, 197

2

193, 189, 182

227, 227, 227, 191, 197, 202

255, 265, 273, 264, 261, 257

271, 274, 273

3

202, 204, 195

214, 210, 221, 218, 216, 217

210, 212, 206, 214, 202, 210

205, 208, 204

1

207, 214, 202

225, 224, 225, 244, 236, 244

293, 297, 299, 305, 307, 297

295, 290, 301

2

198, 199, 195

228, 211, 245, 248, 240, 212

261, 273, 271, 271, 251, 258

284, 288, 265

3

206, 207, 210

274, 284, 254, 255, 278, 290

303, 311, 290, 286, 251, 271

313, 301, 303

Hardness, HV10
F500W, 35 mm

MIG/MAG

SAW

1

210, 229, 211, 210

264, 248, 249, 201, 261, 261

–

202, 202, 210

2

190, 192, 220, 202

239, 226, 256, 227, 263, 233

–

214, 225, 225

3

199, 203, 205, 198

236, 242, 227, 271, 284, 273

–

203, 209, 212

1

189, 201, 206, 209

237, 242, 224, 251, 265, 237

–

209, 210, 218

2

196, 199, 191, 198

207, 211, 206, 228, 229, 212

–

229, 218, 215

3

194, 200, 189, 200

229, 232, 228, 237, 238, 245

–

206, 205, 211
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a - MMA E500, 25 mm

b - FCAW E500, 25 mm

c - SAW E500, 25 mm

d - MIG/MAG F500W, 35 mm

Legend

e - SAW F500W, 35 mm
Fig. 13 Charpy V-notch impact test results for various areas of the weld. a MMA welding of E500 25 mm steel, b FCAW welding of E500 25 mm
steel, c SAW welding of E500 25 mm steel, d MIG/MAG welding of F500W 35 mm steel and e SAW welding of F500W 35 mm steel

Table 15 Charpy V-notch impact test results for various areas of the weld
Steel grade
and plate
thickness

Welding
process

Impact energy, J
+20 °C

−20 °C

−40 °C

−60 °C

Welded metal Welded metal Fusion line 2 mm from the Welded metal Fusion line 2 mm from the Welded metal
fusion line, HAZ
fusion line, HAZ
E500, 25 mm MMA

–

61.2
85.3
112.7

66.2
74.2
81.9

241.4
256.8
271.9

39.5
50.6
79.7

50.7
56.7
62.7

207.9
210.0
234.0

–

FCAW

–

170.9
189.0
206.8

91.9
108.3
122.3

206.3
218.4
233.8

88.2
98.0
108.4

60.5
85.7
110.9

208.7
218.1
222.7

–

SAW

–

86.8
126.8
143.4

82.4
83.2
95.7

277.5
282.9
288.3

49.3
47.6
84.6

63.4
68.8
74.5

214.6
216.3
222.2

–

MIG/MAG 123.5
161.1
159.7

–

–

–

91.7
95.3
104.6

–

–

67.1
73.5
76.6

SAW

–

–

–

74.3
77.5
82.8

–

–

61.3
61.6
69.7

F500W,
35 mm

159.2
163.0
170.4
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Table 16 CTOD test results
Temperature, °C

CTOD value, mm

Average CTOD value, mm

−20

0.08

0.46

0.09
0.94
1.17
0.04
−40

0.08

0.19

0.05
0.43
0.21

 E500 steel base metal tests showed applicability based

on criteria of the Charpy test at temperatures as low
as −85 °C; based on criteria of NDT at −65 °C; based
on Tkb criteria only at −40 °C; and CTOD test
showed E500 applicability to as low as −55 °C. E500
welding tests showed, that Charpy impact toughness
values are limiting the use of MMA welds to −20 °C,
and FCAW and SAW welds can be utilized with
some limitations at −40 °C. CTOD of the welded joint
showed that E500 applicability at −40 °C is
satisfactory just on the borderline of the standard
requirements.
 E500 TMCP steel has a lower carbon equivalent
than F500W QT steel and therefore better
weldability properties; however, this paper does not
provide identical welding procedures to enable an
adequate comparison of steel-welding performance.
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Abstract Extensive industrial use of thick highstrength steel plates in Arctic shipbuilding calls for
submerged arc welding (SAW) processes with higher
deposition rates. One of the most effective ways of
increasing the deposition rate is to increase the number of welding wires. Although SAW processes with
up to six wires exist, their use is not widespread and
two- or three-wire modifications, which are the focus
of this paper, are the most common approaches. This
paper presents a case study of the development of a
welding procedure for welding of high-strength steel
shipbuilding plates using a three-wire SAW process.
Welding parameters and conditions were evaluated
with the aim of achieving a high-quality weld. Optimal parameters for 12-mm plate thickness were found
to be: Св-08ГСМТ wire (similar to Mn4Ni1Mo) of
3.2 mm in diameter, single-pass welding, welding flux
48AF-56, I = 840 A, U = 37 V, Q = 5.4 kJ/mm. Optimal
parameters were also found for 16-mm plate for two
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pass welding. Testing of the weld joint included a
static tensile strength test, an impact energy test at
different temperatures, a bending test, a low-cycle
fatigue strength test, microstructure examination and
a hardness test. The tests showed satisfactory results
that indicate that the developed welding technique is
applicable for Arctic shipbuilding applications. The
paper provides improved understanding of the welding
technique selection process for Arctic shipbuilding as
well as providing industrially valuable information
about the developed welding technique.
Keywords SAW . Multi-wire . SAW modifications .
High-strength steel . Arctic shipbuilding

1 Introduction
The Arctic offshore engineering and shipbuilding industry faces severe challenges in the manufacture of platforms and vessels capable of operating in the harsh
conditions of the Arctic region. A significant problem
is heavy ice loads from floating ice. To be able to
withstand high stresses involved, the hulls of Arcticgoing vessels should be made of thick high-strength
steels (HSS).
Modern structures and vessels require thick-welded
steel plates with yield strength up to 690 MPa. Moreover, a current trend is to increase the yield strength
of steels still further, up to 1,000 MPa, although these
kinds of steels are not yet widely applied. Welding
processes for thick plates require special attention, as
there are a lot of challenges to achieve specified
mechanical properties of the weld. Heat input should
be kept low to avoid large distortions and the weld
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Fig. 1 Deposition rate of different SAW processes arrangements at a
range of currents [4, 5]

should be homogenous and defect-free. The submerged arc welding (SAW) process produces highquality welds, which makes it widely used in the
shipbuilding industry.
Shipyards normally produce large flat panels by a onesided welding process using automated lines. This process
involves the use of several heat sources and electrodes. The
approach is beneficial, as it avoids the need for panelturning devices as well as providing a significant productivity increase [1, 2].

Fig. 2 Three-wire submerged
multi-wire arc welding
arrangement [6, 7]

Fig. 3 a and b Various positions
of wire electrodes in submerged
arc multi-wire welding, ~
represents AC and =represents
DC [5]
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There are numerous reasons to increase the deposition rate of the welding process. Welding is one of the
key factors that influence production cost and quality,
taking a significant share of production time and
forming approximately 10 % of the total cost of the
product [1]. Clearly, higher deposition rate has a direct influence on costs due to the commensurate increase in travel speed. Moreover, the increase in travel
speed brings additional benefits, such as reducing heat
input, which results in fewer distortions and better
microstructure of the weld and HAZ. HSS steel plates
are sensitive to high heat input, and manufacturing
considerations require high deposition rates to reduce
welding time. All these parameters are critical in order
to provide satisfactory Charpy test results, which are
essential in the shipbuilding industry.
The basic form of the SAW multi-wire process is a
twin-wire, or parallel-wire SAW, which uses two relatively small diameter wires with a single power source
and feeder. Using two wires increases deposition rates
by 20 % compared to single-wire DC SAW without
significantly increasing heat input. The higher deposition rate results from the greater current density that is
achieved by applying a similar current over a smaller
cross-sectional area of the wire. Other benefits of twin-
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Fig. 4 Typical groove preparations for submerged arc welding (all
dimensions are in mm) [9]

Table 1 Mechanical properties of АB2 steel [10]
Steel Plate
grade thickness,
mm

Tensile
strength,
MPa

Yield
strength,
MPa

Chary Impact
Relative
elongation, test
values, KV,
%
−40 °C

AB2

≥637

588–686

18

10–30 mm

≥78

Table 2 Chemical composition of АB2 steel, wt. % [10]
C

Mn

Si

Ni+Cu

Cr+Mo

V

0.08–0.10

0.3–0.6

0.17–0.37

2.2–2.9

0.55–1.05

0.01–0.03

wire welding are excellent penetration and fast travel
speed.
Direct current electrode negative (DCEN) SAW can
provide a 20–30 % deposition rate increase, but the
Fig. 5 a Experimental setup
arrangement; b Experimental
setup and an automated welding
line

penetration depth is so low that there is a risk of a
lack of fusion. Welding with AC provides a middle
ground, giving an increased deposition rate over positivepolarity welding, yet greater penetration than negativepolarity welding.
A further option is tandem welding—a process that
uses two wires, each with its own power source and
wire feeder. The lead arc is typically direct current
electrode positive (DCEP) and the trail arc is AC. Both
wires feed into the same molten puddle, allowing for
deposition rates that are more than double those achievable with single-wire SAW.
The combination of twin and tandem welding also
exists. Known as tandem-twin SAW, this process uses
two sets of twin wires and a combination of
DCEP/AC or AC/AC, to achieve the highest possible
deposition rate. The result can amount to a productivity gain of up to 40 % compared with standard twinwire welding [3].
To gain the greater productivity efficiency, multi-wire
submerged welding was developed. It is possible to use
up to six wires together, each with their own power
source. The lead wire is usually DC+polarity with the
trailing wires being AC. The percentage of increase in
the deposition rate depends on the number of wires as
well as their arrangement. Figure 1 below compares and
illustrates deposition rate over current for various modifications of SAW.
This paper focuses on a three-wire SAW process, and
this modification is therefore reviewed in more detail.
The use of three wires allows a significant deposition
rate increase. Compared to the basic SAW process, the
increase can be up to 300 %. Speeds of up to 2.5 m/
min can be achieved, giving a maximum deposition rate
of 90 kg/h. Wire diameter can vary from 1.6 to 8 mm
and currents are typically from 2,000 to 3,000 A for
both DC+and AC. Voltage can reach 30–42 V per wire
[6]. The SAW process arrangement for three wires is
shown in Fig. 2.

The aim of the study is to develop a SAW multi-wire
(2–3 wires) welding technique for welding of 12 and

–
≤0.40
≤0.35
≤0.3
–
–
–
–
–
–
–
–
–
–
≤0.15
–
–
0.60–0.90
≤0.15
0.20–0.55
≤2.25
2.40–2.90
2.10–2.70
0.80–1.25
≤0.010
≤0.015
≤0.020
≤0.018
≤0.010
≤0.015
≤0.020
≤0.015

–
–
≤0.15
≤0.15

≤0.005
≤0.005
≤0.005
0.05–0.12
0.05–0.12
0.05–0.12
0.05–0.12
0.05–0.12
0.05–0.12
0.2–0.4
0.4–0.6
0.4–0.6
≤0.30
2.0–4.0
1.0–3.0
≤0.30
≤0.30
≤0.30
≤0.025
≤0.025
≤0.025
≤0.030
≤0.025
≤0.025

Cr
S
P
Mn
Si
C

Russian welding wires used
Св-08ГСМТ
0.06–0.11 0.40–0.70 1.0–1.3
Св-04Н3ГМТА
≤0.06
0.12–0.35 1.0–1.3
Св-08ГН2МДТА
0.06–0.11 0.12–0.35 1.0–1.3
Welding wires with a similar composition and properties in European and American standards
OK Autrod 13/27 (ESAB), EN ISO 14171
≤0.095
≤0.175
≤1
US-80LT (Kobelco), AWS A5.23 F11A10-EG-G ≤0.15
≤0.15
1.75–2.25
G3Ni2 (OERLIKON)
0.06–0.14 0.40–0.08 0.80–1.40
Mn4Ni1Mo (OERLIKON)
≤0.12
0.50–0.80 1.60–2.10

O2
N2
Mo

Ti

2 Case study: development of a multi-wire welding
technique for high-strength shipbuilding steels

Table 3 Chemical composition of the proposed wires, wt. % [9, 11–13]

Typical wire arrangement position used for the three wires
is shown in Fig. 3. The wires are arranged one after another in
the welding direction. The first wire is called the lead wire and
other wires are trail wires. The roles in the welding played by
the wires differ. The lead wire melts the parent metal. The
weld pool produced remains behind the first arc due to the
high velocity. The remaining wires travelling behind the first
one shape the weld. The lead wire, due to lower resistance,
conducts a higher current than the other wires [8]. Dimensions
and angles shown in Fig. 3 are provided as recommended by
[5]. When dealing with other parameters and materials, dimensions should be recalculated.
There are certain recommendations, how to arrange
and connect the wires to obtain a high-quality weld.
Two or more electrodes should be connected to separate
power sources to avoid arc blow. To ensure that arc
blow does not occur because of interference of the two
magnetic fields surrounding the two electrodes, the two
currents must be in different phases. To address this
problem, power supply is adjusted so that when one
supply peaks, the other is set to zero current.
SAW is usually limited to the horizontal welding
position because the flux covering the weld should stay
on top of the weld, and because of the large amount of
molten weld metal produced. The process allows large
groove areas to be filled thanks to the large electrode
diameter. During weld groove preparation, backing is
used most of the time, as shown in Fig. 4.

Ni

Fig. 6 Arrangement of welding arcs in the welding setup

–
–
0.5–1.5
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Cu
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Table 5 Specific impact
energy KCV in the middle of the weld metal,
J/cm2

+20 °С

−40 °С

167.4
183.2
174.7

64.3
58.6
74.2

Table 6 Chemical composition of the weld metal, wt. %
Fig. 7 Square-butt joint dimensions (all dimensions are in mm)

16 mm flat panel high-strength shipbuilding steel AB2.
The mechanical and chemical properties of steel AB2
are given in Tables 1 and 2. Equation 1 shows the
carbon equivalent.
C eq

ðMn þ Cr þ CuÞ Mo Nt V
þ
þ
þ
þ 5B ¼ 0:185−2:75
¼
20
15
60 10

ð1Þ

To develop an acceptable welding technique, it is
necessary to set welding parameters that provide formation of welded joints without inadmissible defects and
with the required geometrical parameters and service
characteristics. In this case study, a flat panel was
welded on an automated line to form a butt joint. The
use of automated lines is a common practice in shipyards to increase productivity. Figure 5a shows the
experimental setup arrangement for three welding wires.
Figure 5b shows the general view of the experimental
setup and the automated welding line that was used
during the experiment.
The study used one-pass and one-sided welding. Formation of the weld on the opposite side was provided
by a flux backing and by optimized welding conditions.
Welding was carried out with both two and three wires.
During the process, the arc burns alternately between
the first wire and the basic metal, and subsequently
between the second wire and the basic metal. At the
following stage, the arc burns between the first two

Table 4 Chemical composition of flux 48AF56, wt. % [14]

SiO2

Al2O3

CaF2

MgO

12–21

36–46

9–18

7–16

Fig. 8 Impact test specimen drawing of type IX (all dimensions are in
mm) [15]

C

Si

Mn

Ni

Mo

Ti

P

S

0.06

0.31

1.0

2.4

0.30

0.02

0.016

0.015

wires. The process constantly repeats. On both the first
two wires and on the third wire, the arc burns on an
alternating current. The wires arrangement is shown in
Fig. 6.

2.1 Selection of the welding wire grade
For submerged automatic welding of steel of yield
strength over 600 MPa, the following Russian lowalloyed wires were studied: Св-08ГСМТ, Св04Н3ГМТА, and Св-08ГН2МДТА. Similar European
wires in terms of chemical composition are OK Autrod
13/27 (ESAB), US-80LT (Kobelco), and G3Ni2,
Mn4Ni1Mo (Oerlikon). Table 3 shows the chemical
composition of the considered wires.
To find an optimum wire grade, preliminary tests
were carried out for determination of the mechanical
characteristics of joints welded with multiple arc
welding. Plates of 12 mm in thickness were welded in
the bottom position in one pass without preheating.
We l d i n g p a r a m e t e r s w e r e a s f o l l o w s :
I= 840 A, U = 37 V, Q =5.4 kJ/mm. The groove is a
square-butt weld joint, which is shown in Fig. 7.
The wire Св-04Н3ГМТА in combinations with flux
48AF-56 [14] and backing flux LW761 (Lincoln) provided the highest level of impact energy at the required
strength of the weld metal in one-arc submerged automatic welding. The chemical composition of flux 48AF56 is given in Table 4.
Impact energy of the weld metal was determined by
using a specimen of the type shown below (type IX
according to [15]) in Fig. 8 and the results of the tests
are given in Table 5.
Chemical composition of the obtained weld metal is
given in Table 6. As can be seen from the table, the
weld metal has high nickel content, which is most likely
the reason for the high impact energy values.
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Fig. 9 Tensile strength specimen drawing of type II (all dimensions are
in mm) [15]

Testing of the tensile strength of the weld metal was
carried out at room temperature (+20 °С) on cylindrical
samples (type II [15]), shown in Fig. 9. The specimens
were taken from the middle of the weld. Results of the
tests are given in Table 7.
The tensile strength tests, as can be seen in Table 7,
show a low level of relative elongation of the weld
metal. Examination of fractures in the samples showed
brittle areas characteristic for hydrogen embrittlement.
There are a number of methods to reduce the tendency of
welded joints to hydrogen embrittlement. One way is to use
preliminary and supporting heating in the manufacturing process. Alternatively, diffusive hydrogen can be reduced by
appropriate choice of welding consumables to reduce alloying
elements in the weld metal.
As the first embrittlement reduction method lead to
meshing and a rise in the cost of the welding process, it
was decided to decrease alloying of the weld metal by
using a low-alloyed welding wire, Св-08ГСМТ (similar
to Mn4Ni1Mo by Oerlikon).
Preliminary tests showed an acceptable quality joint
done on the flat panel line using agglomerated flux
48AF-56 [14] and backing flux LW761 (Lincoln) in
combination with wire Св-08ГСМТ. Welded joints
showed no cracks and other defects, su ch as
microtears, caused by hydrogen embrittlement.

Fig. 10 Double-bevel butt joint dimensions (all dimensions are in mm)

Table 8 Low-cycle fatigue strength of welded joints
Type of welded joint

Number
of cycles

Fracture zone

Butt joint of
thickness 16 mm

5,000

Crack on the fusion
border line
Crack on the fusion
border line

4,436

the first two wires, and 16-mm-thick steel plate was
welded in one pass with three wires to form a doublebevel butt joint. Joint dimensions are shown in Figs. 7
and 10.
The first pass in multipass welding of low-alloyed
steels executed with the first two wires only. The
groove is then filled with the third wire. The number
of passes depends on the thickness of the welded
steel. Alternate burning of arcs on the first two wires

2.2 Selection of wire arrangements for various plate
thicknesses
Welding of 12-mm-thick steel plate was carried out in
one pass forming square-butt weld joints by using only

Table 7 Static tensile strength of the metal of the weld
Tensile strength, МPа

Yield strength, МPа

Relative elongation, %

702
697

618
594

12
8
Fig. 11 Bend samples of 16-mm plate steel
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provides formation of the metal of the weld with the
required parameters of reinforcement. In this study,
welding of the samples was done in the bottom position without preheating. For maximal productivity,
single-pass welding with three wires was used for
plates of 16-mm thickness. During the single-pass
welding, the required geometrical parameters of the
weld were achieved and inadmissible defects were

prevented. The parameters of the welding process are
shown below:
&
&

For steel thickness of 12 mm: I = 840 A, U = 37 V,
Q=5.4 kJ/mm (on first two wires)
For steel thickness of 16 mm: I=850 A, U=33 V (on first
two wires) and I=850 A, U=33 V (on the third wire),
Q=7.7 kJ/mm

12 mm plate steel
Basic metal

HAZ

Weld metal

16 mm plate steel
Basic metal

HAZ

Weld metal

Fig. 12 Microstructure of the base metal, HAZ, and metal of the weld of 12-mm and 16-mm plate steel
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Table 9 Mechanical properties of the weld metal
Thickness of basic
metal, mm

Tensile
strength, МPа

Yield strength,
МPа

Relative
elongation, %

12

659
662
664
643

568
568
570
573

23.7
21.7
21.7
22.2

636
639

569
578

17.1
18.1

16

Fig. 13 Strength testing specimen drawing of type XII (all dimensions
are in mm) [15]

Table 10 Impact energy test results KCV in the middle section of the
weld metal, J/cm2
Thickness of basic metal, mm

+20 °С

0 °С

−40 °С

12

197.5
193.9
176.2
166.4
140.6
176.9

117.3
114.0
161.1
103.3
107.6
100.9

33.8
64.6
–
35.9
34.3
35.3

16

2.3 Testing of the selected parameters of the welding
technique on plate thickness of 12 and 16 mm
Nondestructive tests (Ultrasonic [16] and X-Ray tests [17]) of
the welds were conducted after welding. All welds were free
from inadmissible defects. Results for static tensile strength
and hardness tests of the different zones of the welded joint
and for the impact energy of the weld metal and heat-affected
zone were satisfactory.
Low-cycle loading fatigue test was carried out with
0.7 yield strength (σ0.2) load, which equals to 0.7*588≈
410 N. The loading cycle was 2 times per minute for
5,000 times. The test was performed in air. Results for

low-cycled loading are listed in Table 8. As can be seen
from Table 8, the results are not satisfactory due to
cracks on the fusion border line.
Bending tests of 16-mm steel plate were conducted, and the
results are shown in Fig. 11. As can be seen, there are cracks in
the weld metal, which is not acceptable. In Fig. 11, it can be
seen that the crack stops and does not pass through the whole
width of the sample. This effect may be caused by nonuniform
structure of the weld metal.
Metallographic examination of the 12- and 16-mm welds
was done to assess further the results from the low-cycle and
bend tests. Micrographs are shown in Fig. 12.
Metallographic study showed that the structure of the
welds on steel of 16 mm thickness is bainite and extended
lines of coarse-grained ferrite. The metallography images
probably explain the reduced values for the low-cycle fatigue
strength and bend tests. A factor that promotes the formation
of coarse-grained ferrite is high heat input. To reduce the
energy input, we decided to carry out welding for thicknesses
of 12 and 16 mm in two passes, the first pass with three wires
and the second pass without the third wire.
2.4 Testing of the weld after the modifications
As in the previous experiments, the metal used was
shipbuilding steel plates of 12 and 16 mm. The following welding consumables were used:
&

Welding flux 48AF-56, produced by FSUE CRISM
“Prometey”;

Table 11 Impact energy test results KCV of various zones of the welded joint, J/cm2
Basic metal, thickness, mm

Fusion border line

Fusion border line+2 mm

Fusion border line+5 mm

Fusion border line+20 mm

Testing temperature, °С

12

16

+20 °С

0 °С

−40 °С

+20 °С

0 °С

−40 °С

+20 °С

0 °С

−40 °С

+20 °С

0 °С

−40 °С

165.7
154.6
176.4
195.4
175.0
157.5

124.2
180.5
122.1
84.8
67.2
120.2

59.5
43.5
–
33.8
26.1
25.1

247.3
275.3
299.5
247.5
226.3
230.2

219.8
187.0
163.5
126.5
186.7
146.9

32.2
46.2
40.8
20.8
29.6
42.4

219.0
195.0
234.0
218.9
213.5
219.2

262.1
261.2
224.6
187.2
177.8
188.5

164.9
185.4
229.3
80.4
104.3
100.5

316.9
319.6
287.9
217.1
222.5
–

303.0
313.2
293.3
210.4
211.7
220.8

298.2
277.0
276.4
213.5
205.0
216.7
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Fig. 14 Strength testing specimen drawing of type XIII (all dimensions
are in mm) [15]

Table 12 Static strength of welded joint
Basic metal, thickness, mm

Rm, МPа

Fracture zone

12

712
707
705

Basic metal

16

749
749
736

Basic metal

&
&

Backing flux LW761, produced by Lincoln;
Welding wire Св-08ГСМТ of 3.2 and 4.8 mm in diameter

Tensile strength tests of the weld metal were carried
out on cylindrical proportional samples of type II
(Fig. 9) [15] at room temperature (+20 °С). Results
are given in Table 9.
The mechanical properties data in Table 9 show that the
weld metal provides the required strength characteristics. Impact strength tests of the weld metal were carried out on
samples of type IX (Fig. 8) [15] with a sharp notch. Results
are given in Table 10. Data in Table 10 show that the impact
strength of the weld metal at temperatures above 0 °C is at a
high level.
Tests on impact energy for the weld border zone and
heat-affected zone were carried out on samples of type
IX (Fig. 8) [15] with a sharp notch. Results are given in
Table 11. The results for impact strength at the weld
borderline and in the heat-affected zone show that the
impact strength at temperatures above 0 °C is at a high
level.

Fig. 15 Samples of steel
thickness of 12 mm

The strength of the welded joints at static loading was
tested on large-sized butt samples of 12 mm thickness, type
XII (Fig. 13), and 16 mm thickness, type XIII (Fig. 14) [15].
Results are given in Table 12, and photographs of tested
samples are shown in Figs. 15 and 16. The results of the static
loading tests show that the weld metal and basic metal meet
the required strength characteristics.
Hardness of the welded joints was measured according to
[15] on crosswise metallographic sections cut out from the
control sample used for testing the mechanical properties of
the weld metal. Hardness HV5 was measured on three lines
parallel to a surface of the sheet, Fig. 17. Results are given in
Table 13. No significant change in hardness was detected in
the various zones of the welded joint. A static bend test was
carried out on samples of type XXVIII [15], which is shown in
Fig. 18.
Samples were tested with removed reinforcement. The
diameter of the bend was equal to four times the thickness of
the basic metal, Fig. 19. At a bend angle 120–180° there were
no cracks in the samples.
The chemical composition of the weld metal is given in
Table 14. Chemical composition of the weld metal is the same
for welds made in one pass and welds made in two passes.
The low-cycled fatigue strength of the welded joints was
tested on large-sized samples. Tests were carried out in air at
loading 0.7 σ0.2 (≈410 N) of basic metal and loading frequency 15 cycles per minute. Results are given in Table 15.
Results of the tests showed that the welds have acceptable
low-cycled fatigue strength. All the conducted tests gave
satisfactory results, indicating that the welding conditions
were selected correctly and the development of the welding
technology was successful.

3 Conclusions
Modifications to SAW welding aim to increase the deposition
rate and lower the heat input. These parameters are highly
important when welding thick alloyed steel plates, because a
higher deposition rate allows faster completion of welds,
lowers heat input, and reduces the number of passes needed.
Nowadays, modifications to SAW welding include twin-wire
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Fig. 16 Samples of steel
thickness of 16 mm

Fig. 17 Hardness measurement
points for 16-mm plate thickness.
Distance between points is 1 mm
(all dimensions are in mm)
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Table 13 Hardness in zones of the welded joint
Basic metal,
thickness, mm

Line no.

Hardness HV5
No. of points

12 mm

16 mm

I
II
III
I
II
III

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

234
233
231
265
244

229
231
224
260
249

217
222
215
263
224
249

231
231
217
248
216
252

232
218
219
242
217
241

222
227
227
235
223
232

234
234
224
238
229
231

222
222
228
222
213
209

212
222
213
208
218
208

223
219
216
208
211
209

223
218
211
212
210
212

233
225
228
216
198
216

234
224
225
217
211
227

231
227
215
213
216
216

224
236
214
200
192
208

222
222
207
219
192
225

216
212
208
223
207
228

Fig. 18 Static bend testing specimen drawing of type XXVIII (all dimensions are in mm) [15]

modification, which increases the deposition rate by 20 %,
direct current electrode negative SAW modification, which
increases the deposition rate by up to 30 %, tandem SAW,
tandem-twin SAW (+40 % compared to standard tandem
SAW), and multi-wire SAW modification (up to 300 % increase compared to conventional SAW).
Multi-wire SAW with three wires is the focus of this paper.
In conventional multi-wire SAW, the wires are arranged one
after another in the welding direction and each has its own
unique function: the lead arc, middle arc, and trail arc. Usually,
the lead arc is DC current and the other arcs are AC current.
Separate power sources should be used to avoid arc blow.
The paper presented a case study of development of a
three-wire welding technique for high-strength (yield strength
640 MPa) shipbuilding steel plates of 12 and 16 mm. The
success of the welding technique is dependent on an

Fig. 19 Bend tests of welded
joints

Steel thickness 12 mm

appropriate combination of wire parameters and wire grade,
groove shape, and other welding parameters. In this study, Св08ГСМТ (similar to Mn4Ni1Mo by Oerlikon) was selected as
the welding wire, as this grade has less alloying elements that
cause hydrogen embrittlement defects in the joint compared to
the other grades considered. To achieve highest productivity,
single-pass welding was utilized for thicknesses of 12 and
16 mm. However, bend tests showed that the welding joint did
not meet the required parameters, and after conducting metallographic research, it was decided to replace the single-pass
approach with two passes.
The next step of the experiment was thorough testing to
ensure the suitability of the selected parameters and approach.
Tensile strength tests and impact energy tests of the weld metal
gave positive outcomes. Impact energy tests were also done for
the weld border zone and the heat-affected zone. These tests
showed acceptable results. Static strength testing also showed
satisfactory values. Additionally, the level of hardness was
measured in various zones of the welded joint. Bend and
fatigue tests showed that the joint met the specified standard
requirements. The parameters of the welding processes were as
follows: plate thickness of 12 and 16 mm; Welding flux 48AF56, produced by FSUE CRISM “Prometey”; Backing flux
LW761, produced by Lincoln; Welding wire Св-08ГСМТ of
3.2 mm and 4.8 mm in diameter.

Steel thickness 16 mm

782

Int J Adv Manuf Technol (2014) 75:771–782

Table 14 Chemical composition of the weld metal, wt. %
Basic metal,
thickness, mm

C

Si

Mn

Mo

Ti

P

S

12
16

0.09
0.08

0.35
0.35

0.77
0.78

0.26
0.27

0.030
0.011

0.01
0.03

0.009
0.012

Table 15 Low-cycle fatigue strength of welded joints
Basic metal, Loading, kN Number of cycles Fracture
thickness, mm
12
16

318
514

51,075
11,000

Fracture on fusion line
Fracture on fusion line

The results of the experiment conducted during this research work can be useful for the shipbuilding industry in
order to increase productivity and quality by employing the
developed welding technique. The welding technique selection process provides valuable information for the development of other similar welding techniques.
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Abstract
In the last decades, there is a high interest in the Arctic area mainly due to a large share of natural resources
located there. Most common structures used for oil and gas production are offshore structures and vessels. This
paper reviews a wide range of challenges associated with operation in the Arctic area and summarize them in three
main groups. Limited experience of Arctic oil and gas projects results in poor alignment of standard requirements
for materials and manufacturing processes. Limited data on climate and its variability is demanding high reliability
requirement for operations in the Arctic as well as uncertainty about operational conditions. Economic feasibility of
oil and gas projects is a critical issue which calls for more efficient materials and fabrication processes. Challenges
in each group are reviewed in details and possible solutions are offered.
KEY WORDS: Arctic Conditions, Offshore Structures, Shipbuilding, Heat Affected Zone, Welding, ISO 19906
1.

Introduction

Current trend in offshore and shipbuilding industries is the exploration and production of oil and natural
gas in the arctic. Operational activity is increasing in Alaska, North Canada, Greenland, the Norwegian and Russian
part of the Barents Sea as well as eastern parts of Russia, such as Sakhalin island [1].
Most common structures required for the arctic industry are vessels and offshore structures to develop oil and
natural gas reserves located mostly offshore under less than 500 meter of water [2]. Currently the offshore structures
installed in the Arctic area have been in relatively shallow water. In the case of very shallow water, of the order of a
few meters deep, the practice has often been to use artificial islands usually constructed by spraying water to locally
thicken the ice such that when supported by the seabed it has sufficient strength to support the weight of the
platform [3]. Artificial island based platform operational requirements for materials are not demanding, because
most of the loads from external ice and waves are prevented by the sprayed locally thickened ice layer.
For deeper water up to 30 meters gravity-based platform are used. To be able to expand further to deeper waters
there are some challenges. In the context of offshore structures and shipbuilding in the Arctic area the uncertainty
derives mainly from three main factors:



Limited experience of Arctic oil and gas projects
Limited data on climate and its variability



Economic feasibility of oil and gas projects

Figure 1 below illustrates major factors of uncertainly of the Arctic oil and gas projects and expands it in more
details.

Figure 1 Factors of uncertainty of the Arctic oil and gas projects
Limited experience in the Arctic results in poor understanding of required level of reliability and possible risks
which are encountered there. The ice mechanics and ice formations are not fully explained. There is a gap in
knowledge related to enviromental protection in the Arctic and understanding of the Arctic ecosystem. Overall these
knowledge gaps rising serious problems in industrial standards formulation and defining realistic reliability
requitrements for Arctic offshore structures and vessels.
Low temperatures encountered in the Arctic may reach -40˚C or even lower and stay low for prolonged periods,
therefore in most cases the design temperatures approaching -60°C are required. In addition to low temperatures,
snow, sea ice, structural icing, icebergs and ice gouges, other major environmental factors require consideration
when operating in Arctic conditions [4],[5].
Strict reliability requirements of Arctic offshore platforms and vessels demands utilization of high strength steels.
The manufacturing process raises high demand for welding of thick high strength steel plates with excellent
toughness at lower temperature down to -60°C [6]. Modern steels can be safely utilized for the arctic area; however
providing satisfactory low temperature toughness for heat affected zone (HAZ) of the weld is challenging.
The paper presents detailed review of problems associated with limited experience in Arctic, limited data on climate
and its variability and economic feasibility of oil and gas projects.
2.

Limited experience in the Arctic

Recently issued standard ISO 19906 (Arctic Offshore Structures) significantly improves design procedure
of Arctic offshore structures. However, material selection section does not give comprehensive recommendations, it
only specifies that “material shall have adequate toughness in order to behave ductile at low temperature” and
further refers to the standard for fixed offshore structures ISO 19902 [7]. Standard ISO 19902 requires testing to be
performed at the lowest anticipated steel temperature (LAST). This makes the standard suitable for application in

Arctic conditions, but there can be challenges to meet the requirements for very low test temperatures. For instance,
it specifies a Charpy-V impact test temperature depending on thickness and steel grade where the test temperature is
set to LAST minus a safety margin ranging from 0°C, to -30°C [8]. In the latter case, a Charpy-V test temperature
for some structures can be as low as -70°C. Carbon steels at such low temperatures tend to be brittle and it is hard to
meet the demanded test requirements.
Offshore structural steels are purchased in accordance with strict requirements regarding steel composition,
manufacturing and resulting properties. To obtain cost-effective fabrication, they are also designed for fabrication
without post weld heat treatment (PWHT) [1].
Material related standards like EN 10225 (Weldable Structural Steels for Fixed Offshore Structures Technical
Delivery Conditions), Norsok M 101 (Structural Steel Fabrication) and API 2W (Specification for Steel Plates for
Offshore Structures, Produced by Thermo-Mechanical Control Processing) are not developed for Arctic
environment and are generally utilized at temperatures down to -14°C. EN 10225 only provides requirements for
Charpy values and is not giving requirements for steel that require testing below -40°C. For hollow sections, the
minimum test temperature is -20°C. These material related standards provide requirements to minimum allowable
Charpy-V values of approximately 10% of the yield strength [9]. Despite this, in some projects the weldability
qualification option given in EN 10225 is used. The procedure is well defined, and can with some modifications be
extended for arctic applications. The main modifications to be considered are [1]:





Reducing the thickness limit for weldability test from 40 mm to 20 mm
Changing the test temperatures from fixed values to LAST temperatures according to ISO 19902.
Introducing obligatory Crack Tip Opening Displacement (CTOD) testing
For offshore steel grades with yield strength above 460 MPa, which are not covered by the EN 10225, a
welding process optimization with respect to heat input, preheating temperature and root welding strategy
has been performed.

The complete list of required and optional tests for material selection and fabrication introduced by EN 10225, API
2W and Norsok M 101 is summarized in Table 1 below [9]–[11].
Table 1 Summary of required and optional tests used in materials selection standards [9]–[11]
Base material
Required tests
Chemical analysis
Tensile testing
Charpy testing (Carried out at
LAST -0 -30°C)

Optional tests
Through thickness testing
CTOD testing (Carried out at LAST)
Weldability testing

Weld material
Tensile test
Charpy testing
Bend testing
Hardness testing
CTOD testing (Carried out at LAST)

Charpy testing is conducted at LAST -0 -30°C, which means that in some cases the test temperature can be as low as
-70°C. At such low temperatures steel becomes brittle and it is challenging to meet the test criteria. The different
available standards have different techniques regarding testing temperature in order to qualify material for cold
climate. The definition of the test temperature can have a huge impact on cost, concept and feasibility for a project
in the Arctic region where design temperature can be very low [12].
Limited requirements are given for CTOD values. Qualification for HAZ toughness by weld samples is normally
carried out according to recognized standards like API RP 2Z or EN 10225. API RP 2Z specifies CTOD properties
to be achieved (ranging from 0.25 – 0.38 mm), while no requirements are stated in EN 10225, however ISO 19902
states that 0.2-0.25 mm shall be achieved when the material is qualified according to EN 10225 [9], [13].

3.

Limited data on climate and its variability

Engineering practice defines the Arctic as “the place at which the average temperature of the warmest
month of the year is less than 10˚C” [14]. The arctic region is known for its cold temperatures which occasionally
can drop down to -70°C. Additionally, arctic winters have prolonged periods of relatively cold temperatures which
is more dangerous for steel structures than a few hours of extremely intense frost.
Offshore structures and vessels which operate in the Arctic area are experiencing ice, waves and wind loads. In the
recent years there are certain efforts to accumulate data on ice conditions in the Arctic region, however this data is
available only recently and it is not sufficient to make precise predictions for the future [15]. Strong winds of 5-15
m/s contribute further complexity to already severe Arctic operating conditions [5].
From point of view of the fragile natural environment and poor infrastructure in the Arctic area, it is very important
that steel structures exhibit a high level of reliability and autonomy. Reliability plays a particularly crucial role for
oil and gas industry related structures, whose failure can result in long-term and serious ecological damage.
Nowadays the ecological and environmental concerns are of the high importance, which results in more strict
regulations. The environmental concerns are drawing more attention also due to the fact that recovery from an oil
spill would pose considerable difficulties since only some of known oil spill cleaning techniques are effective in
Arctic conditions [15].
Increase in global temperatures and the associated with thinning of the ice. Another less discussed feature is the
apparent increase in variability of the climate. While there has been a reduction in the prevalence of multi- year ice,
which is often responsible for the largest loads on offshore structures, there are several other environmental
phenomena that have become more severe. For instance the increase in the number of icebergs in certain Arctic
waters has been blamed on higher temperatures which apparently cause a higher rate of calving of icebergs from
glaciers [3].
4.

Economic feasibility

The required properties of Arctic materials across various applications are high-strength, low temperature
toughness and good weldability properties (welding with high heat input, no PHWT, good HAZ toughness) [15],
[16]. With the increase in material strength, more attention has to be paid to welding procedures to realize the
required mechanical properties for the weld seam. CTOD of the HAZ at low temperatures is considered as the most
challenging material property for Arctic conditions [17].
To obtain high CTOD toughness in the HAZ, the total amount of alloying addition should be restricted and it may
lead to low hardenability insufficient to produce required strength level for steel plates. Thus, TMCP is essential to
get good properties of offshore structural steel [18]. It is well known that the toughness of a weld HAZ could be
seriously deteriorated by several metallurgical factors and these are identified as the formation of brittle phases such
as M-A constituents [19], grain coarsening near fusion boundary due to high welding heat input [20], or precipitate
hardening by Nb or V carbonitrides [21]. Thus, it is of major importance to control the microstructure of HAZ from
the viewpoint of these factors. They can readily initiate brittle fracture during a fracture process. The formation of
M-A constituents in the HAZ should be effectively minimized to prevent the deterioration of HAZ toughness [6].
HAZ toughness is under influence from two factors: initial steel properties and welding process.
1) Lowering carbon content is one of easy ways to improve HAZ toughness, since M-A constituents (local
brittle zones which consist of fresh martensite and retained austenite, which occur due to lower martensitic
transformation temperature) are carbon-enriched so that their formation is directly related to the carbon

content. However, manufacturing cost should be also taken into account in that carbon is the cheapest
alloying element for strengthening steel plates. Since the reduction of carbon content should be
compensated by further addition of substitutional alloying elements, such as Mn, Cu or Ni, for preventing
the reduction of strengths, the increase in manufacturing cost is unavoidable. It is also possible to suppress
the coarsening of crystal grains by use of TiN and other precipitates [6], [16].
2) Thermal cycles during welding obviously affect the formation of M-A constituents. The area fraction of MA constituents increases with t8/5 which is the time during cooling down from 800 to 500 ℃. As t 8/5
decreases, γ to α transformation temperatures decrease, due to high cooling rates, leading to the increase in
bainitic ferrite and the decrease in untransformed austenite which might transform to M-A constituents
during cooling down to the ambient temperature [6].
To simplify welding work, heat input is increased or the sectional area of a groove is decreased. The
schematic view of large heat input welding and its benefit are shown in
Figure 2. However, it has been known that if steel has a high content of carbon or alloying elements, the
toughness decreases significantly in the zones adjacent to weld metal where austenitic grains grow coarse (coarsegrain zones) and the zones where the structure of the coarse-grain zones transforms into a hard structure under the
heat of a subsequent pass (coarse-grain and dual-phase-heated zone). Especially when heat input is large, the
coarsening of grains becomes conspicuous and the width of the coarse-grain zones increases; this significantly
embrittles the weld joint. The TMCP makes it possible to decrease the contents of carbon and alloying elements, and
it is possible to greatly mitigate the embrittlement of these zones [16].

Figure 2. Schematically shown sections of weld joints of heavy plates [16]
5.

Conclusions

Nowadays oil and gas industry has a high interest in the Arctic region to develop its large deposits of
natural resources. Fabrication of oil and gas production platforms and vessels for the Arctic area presents wide range
of engineering challenges. This paper describes these challenges splitting them into three categories: limited
experience of Arctic oil and gas technology, limited data on climate and its variability and economic feasibility of
oil and gas projects.

Limited experience of Arctic oil and gas technology mostly leads uncertainty (over or under estimation) of standard
requirements developed for Arctic applications. The newest standard ISO 19906 does not include specific material
selection requirement and refer to other standards, such as ISO 19902 and material related standards like EN 10225,
Norsok M 101 or API 2W. Required material properties and necessary tests procedures differ considerably across
these standards.
Limited data on climate and its variability results in poor understanding of various loads and other factors which are
affecting offshore platforms and vessels. Ice mechanics is rather complex discipline and requires large amounts of
accumulated data in order to make realistic predictions of ice behavior in the area. Arctic fragile ecosystem demands
high reliability from offshore structure and vessels to decrease the chance of any oil spill, which can cause very
serious unrecoverable consequences.
Economic feasibility of oil and gas projects has to be taken into consideration. The costs of developing Arctic areas
are high and companies are interested in reducing expenses by utilization newest materials and efficient welding
techniques. The most challenging property of welded Arctic materials is to obtain ductile heat affected zone at low
temperatures. It is possible to improve low temperature toughness of HAZ by reducing carbon content in the steel or
by applying more efficient welding process.
The paper describes the current challenges which are faced by Arctic oil and gas industry. The intensive research
activity happening nowadays can offer efficient and innovative solutions, such as nanomaterials development and
new advanced welding processes.
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Abstract: Researchers are nowadays overloaded with scientific information, and it is often difficult to obtain a clear overview
of existing topical research in some particular field. Big data tools and instruments can be utilized to define trending research
topics by analyzing recent publications. This paper analyses 12000 articles related to arc welding from the Scopus database for
the period 2001-2012 using VOS viewer and Microsoft Excel. The most commonly occurring keywords are presented statically
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1. Introduction
The science of welding includes a great variety of research
fields, such as metallurgy, mathematical modelling, physics,
thermodynamics, heat transfer and many others. While the
joining of metals has been used for centuries, welding
technology has started its development from the invention of
electricity in 19th century. Since that time, the science of
welding has been in the core of numerous outstanding
engineering achievements. Currently, welding is the primary
way of joining metallic materials, and it plays a major role in
automotive, steel structures, shipbuilding, agricultural and
many other manufacturing industries. The global welding
products market was valued at USD 17.47 billion in 2013
and is expected to reach USD 23.78 billion by 2020 and
expand at a compound annual growth rate (CAGR) of 4.5%
between 2014 and 2020 [1]. A wide range of review articles
and books (for instance [2-9]) were written on welding
science, reading which could help gaining deeper
understanding of scientific research in the field of welding.
Nowadays research data on various topics, including
welding, are becoming more accessible than ever, thanks to
the development of extensive online bibliographic databases
containing abstracts and citations of academic journal
articles. Notable examples of such databases are Scopus and
Web of Science, and most recently published article abstracts

and full texts can be accessed via such databases. The vast
amount of available information, which is growing from
year-to-year [10], is challenging to use and analyze
efficiently. This challenge calls for the development of
suitable approaches and tools to convert big data into
understandable, usable and practical information. Research
and development institutions and industry have become
aware of the potential of big data to provide competitive
advantage, and bibliometric analysis has been used in a
number of fields as a way of highlighting and delineating
trends [11-20].
Despite the huge amount of publications on welding, no
attempt has yet been made to conduct bibliographic analysis
of scientific publications in the field of welding. Moreover,
there has been no efforts to evaluate trends in the field of
welding. Research study that would address these topics is
essential to reveal and explain the developments in the field,
bring a deeper understanding of the impact of research on the
literature and comprehensive advices for the future research
in the field of welding. The motivation of this research is to
find out which aspects of the science of welding were in the
research spotlight during the last decade.
Current paper persuades an attempt to present most
prominent trends and highlights in the field of arc welding
research conducted over the last decade (2001-2012) by
performing in-depth bibliographic analysis of scientific
publications. This research work applies the approaches and
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tools of big data to quantitatively analyze about 10000
scientific journal publications related to the topic of arc
welding. The hypothesis of this study states that using
numerical analysis of a quantitatively collected dataset, it is
possible to spot current trends and important topics in
scientific research in the field of welding, and to find out
which topics are of increasing interest and which of
decreasing importance.
This broad bibliographic study of scientific publications
on welding could be valuable to several beneficiary groups,
such as researchers, educators and industrial professionals.
Researchers would receive a special instrument that lets
them determine previous and current research highlights as
well as formulate future possible topics for the science of
welding. Educators would get an information regarding
overall landscape of the science of welding, which will allow
them to embrace it in the teaching materials for modern
welding technology courses and trainings. Industrial
professionals would obtain in-depth information and use
concepts that would support them in planning and carrying
out their research and development as well as commercial
projects in the field of welding technology. The value of this
paper is that it presents an overall landscape of scientific
research in arc welding, based on quantitative data, revealing
various trends in the field. In addition, it further
demonstrates the worth of bibliometric analysis as a basis for
research of trends in engineering.
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suitable database.
The Scopus database contains approximately 34278 journal
entries, whereas Web of Science contains about 16957 journals.
Scopus and Web of Science might include journals with an
extremely low impact factor, indicating potentially low-quality
publications. In an attempt to select higher quality journals it
was decided to match records from Scopus and Web of Science
with the Ulrich database [23], which contains a large number of
highly rated journals. 20464 Scopus journals matched the
Ulrich database and 13607 journals from Web of Science.
It can be seen that Scopus contains almost twice as many
journals as Web of Science. However, as study [24] shows, the
distribution of journal topics is different in Scopus and Web of
Science. Since the primary focus of this research is welding,
journals on Engineering and Technology are of interest. 33% of
journals indexed in Scopus are in the Natural Sciences and
Engineering domain. Web of Science shows a higher
percentage of journals in the same domain – 43%. Nevertheless
the number of indexed journals is significantly larger in Scopus,
and therefore Scopus still represents the larger dataset
(6730>5810). The journal topics distribution in Scopus and in
Web of Science databases are shown in Fig. 1.

1.1. Big Data in the Context of Bibliometric Research
Big data analysis of scientific publications allows the
measuring of trends based on bibliometric information such as
keywords, date of publication, references and other records.
Bibliometric data analysis has been applied in many research
areas, including environmental assessment [16], sustainable
hydropower development [17], nucleation techniques [18],
risks of engineering nanomaterials [19] and even intercultural
relations [20]. Datasets of scientific publications for analysis
can be constructed from various databases, of which the most
important and comprehensive in the context of this study are the
Scopus and Web of Science databases. These databases offer
some tools to analyze the scientific datasets, their functionality
is, however, rather limited. Specialist software products for
bibliometric research are available that offer more tools and
functions, such as the software tool used in this work, VOS
viewer [21].
1.2. Comparison of Scopus and Web of Science
Several scientific document databases are available, of which
Scopus and Web of Science are among the leading database
services. Although the two databases differ in coverage, they
can be considered to be complementary, and which database is
most suitable depends on the discipline, topic and period of
analysis [22]. This study began with a comparison of the
Scopus and Web of Science databases and selection of the most

Fig. 1. a - SCOPUS database journals domain distribution, b – Web of
Science database journals domain distribution.

Where HS is Health Sciences journals; NSE is Natural
Sciences and Engineering journals; AH is Arts and
Humanities journals and SS is Social Sciences journals.
Although Scopus contains more journals in the natural
sciences and engineering domain, this does not mean that
Scopus contains more articles on welding. Therefore, the next
step of the database comparison was to evaluate the number of
scientific articles on welding. This evaluation can be made by
searching for article titles that contain the word “weld” with
all possible endings, e.g. welding, welded. The selected
timeframe was the last 14 years, i.e. 2000-2014. As can be
seen from Fig. 2, Scopus contains more entries with the word
“weld” or one of its variants in the title for each year during
2000-2014.
In view of the larger journal coverage and greater number of
scientific articles on welding, the Scopus database was
selected as the source of the dataset for this study.
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Fig. 2. Number of scientific articles related to welding in the Scopus and in Web of Science databases in 2000-2014.

Fig. 3. Number of articles published in the field of welding presented in Scopus over 2001-2012 period.

2. Analysis Process and Setup
The data for the analysis were acquired first by a search
query “weld*”. After manual cleaning of the dataset, about
14000 indexed scientific published articles in English listed on
Scopus for 2001-2012 in the field of arc welding processes
were selected. After the dataset was finalized, the article
entries were analyzed using Scopus tools, VOS viewer 1.5.7

and Microsoft Excel.
2.1. Scopus Analysis
Scopus has a set of tools for analyzing the articles dataset. In
this research, the total share of arc welding articles and its
yearly distribution is given based on Scopus tools results. The
size of the Scopus database increases on average 8.7% yearly.
The number of journal article publications on welding is also
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increasing yearly, but at a slower pace – 5% on average.
Therefore, the number of publications on welding as a share of
total publications is decreasing. A possible explanation is an
increase in the range of welding-related keywords introduced
each year, since science becomes more diverse. However, it is
also possible that publication on welding or related sciences are
decreasing. Fig. 3 illustrates the number of papers in the field of
welding in Scopus database.
Fig. 3 illustrates the number of papers published in the field
of welding over 2001-2012. It can be seen that the number of
articles follows a generally increasing trend; however, the
jump in 2008-2009 is an interesting phenomena. The authors
have not found any obvious facts or trends to explain this
sudden change. The decrease in the number of publications
during 2010 might be due to not all publications having been
indexed and uploaded to Scopus.
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2.2. VOS Viewer 1.5.7 Analysis
VOS viewer 1.5.7 software allows graphical representation
of keywords clustering. The keywords are clustered to show
their connection to each other and indicate the degree of
similarity in meaning. The software analyses which keywords
more often occur together in one article and puts them close to
each other on the plot. The results of the clusterization process
are presented in Fig. 4. It can be seen that keywords are
divided into five clusters, which were manually labeled based
on knowledge of welding research topics as:
Materials and microstructure
Mechanical properties and mechanical fracture modes
Welding parameters and chemical properties and
processes
Computer tools and welding processes
Applications

Fig. 4. Cluster distribution of keywords.

As can be seen in Fig. 4, some keywords do not perfectly fit
into the clusters; however, the vast majority of keywords
allow cluster borders to be defined. Fig. 4 illustrates another
problematic area of this approach, as some keywords are
non-descriptive, such as “effect”, “process” or “weld”. In the
current analysis, these non-descriptive keywords do not

significantly influence the overall picture, as the clusters are
clearly defined.
2.3. Microsoft Excel Analysis
Microsoft Excel analysis was performed to present the
overall research topics and to illustrate trends in scientific
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research in the field of welding. In order to present trends, the
twenty most commonly occurring keywords were selected
from each year. The next step was to put them in Excel and fill
the number of occurrences of each keyword in the selected
period. Related keywords were manually combined into ten
groups based on the authors’ knowledge of scientific research
in the field of welding. Resulting groups correlated closely
with VOSviewer clusters (Fig. 4). The close correlation
suggests that the manual choice of keyword groups was

correct. Some keywords, such as, for instance, the keywords
“weld” and “welding”, were omitted, as they are
non-descriptive. Fig. 5 shows the percentage of each keyword
group. It can be seen that materials, mechanical properties,
mechanical failure modes and computer tools have the largest
shares of 18%, 13%, 13% and 12%, respectively.
The largest keyword groups (i.e. materials, computer tools,
mechanical failure modes, and mechanical properties)
consisted of the keywords listed in Table 1.

Fig. 5. Keyword groups of welding articles.
Table 1. Most commonly occurring keywords and groups to which they were allocated.
Keywords group

Materials

Computer tools

Keyword(s)
Microstructure (Base metal, Ferrite, Austenite, HAZ, Martensite, Solidification, Weld metal)
Stainless steel (304 stainless steel, Austenitic stainless steel, Duplex stainless steel,
Martensitic stainless steel)
Chemical composition (Chlorine compounds, Hydrogen, Carbides, Carbon, Iron, Silicon,
Tungsten)
Steel (Carbon steel, Ferritic steel, High strength steels, Low carbon steel)
Steel metallurgy
Metal
Weldability
Interfaces (materials)
Dissimilar metals
Alloy
Plastic
Nanostructured materials
FEM
Computer simulation
Numerical methods
Mathematical model
Optimization
3D
Image processing
Algorithm
Neural networks
Parameter estimation

Number of occurrences
3391

Total

1697
1182
822
382
356
201
116
113
112
95
64
1453
833
750
681
313
309
245
185
146
144

8531

5446
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Keywords group

Mechanical failure
modes

Mechanical
properties

Keyword(s)
Forecasting
Modeling
Analytical model
Corrosion (Pitting Corrosion, Coatings, Painting)
Crack
Fatigue (Fatigue crack propagation, Fatigue damage, Fatigue life)
Fracture (Fracture mechanics, Brittle fracture)
Creep
Buckling
Wear resistance
Stress (Yield stress, Stress analysis, Stress concentration, Stress intensity factors)
Strength of materials
Loading (Cyclic loading, Structural analysis)
Deformation
Hardness (Microhardness)
Strain
Tensile strength
Fracture toughness
Ductility
Tribology (Friction coefficient)
Stiffness
Material property
Plastic deformation
Fatigue strength
Toughness

Table 1 shows rather expected results; for instance, the
most trending keyword in the materials group is
microstructure (including its subtopic keywords).
Microstructure is one of the most important topics in welding,
as the mechanical properties of the weld are defined by the
type of microstructure [25-27].
Articles dedicated to microstructure are mostly written
about the heat-affected zone (31%), which was expected
since it is closely connected to arc welding processes. The
keywords “weld metal” and “base metal” are represented by
significant percentages – 15% and 12% respectively. Other
important topics are iron-phases (austenite (15%), ferrite
(13%) and martensite (8%)). The distribution is presented in
Fig. 6a.

Number of occurrences
140
134
113
1528
1516
1339
929
233
183
149
1488
575
528
500
363
361
333
312
249
203
188
156
143
136
126

99

Total

5877

6319

Likewise, it can be seen that welding of stainless steels is an
important topic in the materials domain, as stainless steel is the
second most popular keyword, including the subtopic keywords
(304 stainless steel, austenitic stainless steel, duplex stainless
steel, and martensitic stainless steel). Over half of the journal
articles on welding of stainless steel are dedicated to austenitic
stainless steel (61%). Other important research areas include
martensitic (17%) and duplex stainless steels (13%). The
distribution is presented in Fig. 6b.
The next step of the study was to perform time series
analysis to determine research trends. The time series
analysis results for selected keyword groups and the
distribution of keywords in the group of keywords is shown
in Fig. 7.

Fig. 6. Keyword distribution of scientific articles on welding, a –Microstructure group, b - Stainless steels group.
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Fig. 7. Time series analysis of major keyword groups.

Fig. 8. Welding processes keyword group time series analysis, where GMAW is Gas Metal Arc Welding, TIG is Tungsten Inert Gas Welding, SAW is Submerged
Arc Welding, PAW is Plasma Arc Welding and MIG is Metal Inert Gas Welding.

The decline in 2012 most likely occurred due to
non-complete Scopus records for recent years, and, the
decline is expected to disappear in the next couple of years,
when all papers from 2012 are indexed. The keyword group
materials shows an interesting increase in 2008. One
possible explanation is the increase of interest in dissimilar
materials welding. The decline in testing and examination
methods in the last years can be connected with the fact that
this field of science is well established and does not attract
many researchers.
One other group of keywords, which deserves attention, is
arc welding processes, which is presented in Fig. 8. The

number of articles related to TIG welding steadily increased
from 2008 to 2012, which may be connected with intensive
development of robotic welding systems, which often utilize
TIG welding processes. The number of GMAW related
articles reached a maximum in 2009, after which the
prevalence of this topic has decreased. The drop in the number
of articles may be due to GMAW being a rather well-known
welding procedure, and therefore suffering from a decreasing
amount of research interest in recent years. The number of
studies on multipass welding is increasing, from 3 in 2007 to
20 in 2012, mostly due to an increase in publications related to
simulation of multipass welding and predictions of the
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welding process outcome.

3. Limitations
The major limitations of the study are primarily related to
the selected dataset: the particular types of academic
publications selected, the selection of English language
publications only, incomplete records for some academic
publications and the relatively short time period covered.
The Scopus database presents various types of scientific
works, including journal articles, conference proceedings,
book series, trade publications, books and reports. However,
the research presented here only analyzes journal articles,
which represent 53.7% of the total number of publications.
Journal articles usually demonstrate research credibility, as
in most cases journal articles are peer-reviewed, which
indicates relatively high scientific value of the research.
Journal articles form the largest part of publications on
Scopus comparing to other publication groups (e.g.
conferences, books), thus ensuring a sufficiently large
dataset for statistically valid analysis.
During the current research work it was decided to focus
solely on the period from 2001 to 2012. The end point of
2012 was chosen because some of the latest research
publications from 2013-2015 may not have been uploaded to
the Scopus database. In preliminary study, it was noted by
the authors that a number of articles were only added to the
Scopus database a couple of years after the publication date.
Therefore, in order to obtain a more accurate dataset it was
decided to utilize data only until 2013. Publications prior to
2001 are also not included, because a significant part of these
papers might not be included in the Scopus database.
Another limitation of this research comes from possible
inaccuracy in keyword analysis of the publications. The
Scopus database contains many keywords with identical
meaning but different grammatical form or spelling, and
despite manual keyword cleaning, the dataset keywords may
not be completely accurate. The error can be of the order
1-3%. Since this research considers only publications on arc
welding, papers on other welding processes, such as laser or
friction welding were excluded from the dataset. The
exclusion process was performed by excluding articles with
corresponding keywords, such as laser or friction. This
process also might influence the accuracy of results, since
articles that contain both arc and friction welding keywords
are excluded.
Further limitations of this study are related to the accuracy
and quality of the records obtained from the Scopus database.
The obtained dataset of 14882 entries was manually
examined, and entries with incomplete records were
discarded. About 13960 articles (94%) had complete records
and were used for further analysis in this study. According to
[28], the Scopus database might contain duplicate entries of
up to about 13%. Some duplicate entries might be left in the
dataset after manual cleaning and might have an influence on
the accuracy of the results.
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4. Conclusion
The current research presents first bibliometrics work on
scientific research in the field of arc welding. The study
provides an overview of welding research articles for the
period 2001-2012. The analysis is based on bibliometric
information, such as keywords, date of publication, references
and other records, which were processed with Scopus tools,
VOS viewer and Microsoft Excel.
It was found that the number of publication in the topic of
welding increased by 5% year-on-year. It was seen that
keywords related to materials, mechanical properties,
mechanical failure modes and computer tools had the largest
shares of 18%, 13%, 13% and 12% respectively. Articles
about microstructure were mostly related to the heat-affected
zone (31%), which is a major concern for microstructural
changes in welding. The keywords “weld metal” and “base
metal” were represented by significant percentages – 15% and
12% respectively. Likewise, welding of stainless steel is an
important topic in the materials domain, as stainless steel is
the second most popular keyword, including its subtopic
keywords: 304 stainless steel, austenitic stainless steel, duplex
stainless steel, and martensitic stainless steel. Over half of the
journal articles on stainless steel are dedicated to austenitic
stainless steel (61%). Other important research areas include
martensitic (17%) and duplex stainless steels (13%).
Time series analysis showed a decline in the overall number
of arc welding related articles in 2012, which is most likely
due to non-complete Scopus records for recent years, and the
decline is expected to disappear in the next couple of years,
when all papers from 2012 are indexed. Articles on topics
related to materials showed an interesting increase in 2008.
When considering arc welding processes, the number of
articles on TIG welding increased steadily from 2008 to 2012,
which may be connected with intensive development of
robotic welding systems, which often utilize TIG welding
processes. Articles with GMAW welding as a keyword
reached a maximum in 2009, since when their number has
fallen. A possible reason for this trend may be that GMAW is a
rather well-known procedure and therefore of decreasing
research interest. The number of studies on multipass welding
is increasing, mostly due to the increasing number of
publications related to simulation of multipass welding and
predictions of welding process outcome.
The study has some limitations, most importantly the short
time period studied and the types of scientific publications
considered. However, despite its limitations, the study
illustrates the theoretical and practical relevance of combining
bibliometric or statistical datasets, indicates how such study
can be approached, and gives pointers to issues that can be
addressed using analysis of a large bibliometric dataset.
Future research on similar topics can provide additional,
more detailed information and can reveal more specific
aspects of research trends. Future study might analyze not
only keywords of journal articles but might consider
bibliometrics data of other scientific publications such as
references or abstracts.
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ABSTRACT
The constantly growing demand for natural resources has made the
Arctic region, which holds approximately 20% of estimated world oil
and gas reserves, an attractive area for exploitation. Since a great
variety of ocean-going vessels are used in oil and gas production, ice
shrinkage caused by global warming has further encouraged growth in
the Arctic offshore and shipbuilding sectors. However, taking into
account the harsh Arctic environment, the reliability of offshore
structures and ships is of high importance. One of the major factors
influencing the reliability of an offshore structure is material selection.
The purpose of this paper is to examine how alloying elements
influence the low-temperature properties of steels. The paper in
particular, looks at Charpy impact test results on steel at low
temperatures. The effects of carbon, manganese, sulphur, phosphorus,
aluminium, nitrogen, nickel and other alloying elements in the chemical
composition of steels are discussed. This paper not only helps the
shipbuilding and offshore industries obtain a clear understanding of the
effect of alloying elements used in steels for low-temperature service,
but also provides recommendations on the amount of alloying elements
needed to achieve certain properties.
KEY WORDS: alloying elements, high-strength low-alloy steels, low
temperature, transition temperature, Charpy test.

INTRODUCTION
Economic growth and development, coupled with population
growth, has meant a constantly growing worldwide demand for oil and
gas. Forecasts (Roberts, 2005) suggest that the current reserves of oil
will last for several decades but many so far unexploited oil locations
are not easily accessible and are expensive to develop. In this context,
the Arctic region is projected to play an extremely prominent role,
since it has been estimated that it holds about 5% of proven oil reserves
and more than 20% of proven natural gas reserves (Gautier et al., 2009;
Glomsrød & Aslaksen, 2006).
The existence of large oil and gas deposits in the Arctic region was
recognised some 50 years ago, but a thick ice cap prevented the
extraction of the oil and natural gas stored beneath the seabed. Climate
change, however, has reduced the ice cover considerably (Linkin,
2008), making the oil and gas resources stored beneath the seabed more
easily accessible. This change has sparked political debates over the
economic exploitation of the Arctic region and stimulated technical
research on low-temperature welding processes and materials.
Geographically, the Arctic region can be defined as the lands to the
north of the Arctic Circle, which is situated at the latitude 66˚34’.

However, from an engineering point of view this criterion is of little
significance, since the geographical location is only one factor
influencing the climate conditions in the region. According to the
definition commonly accepted in engineering practice, the “Arctic
refers to those places at which the average temperature of the warmest
month of the year is less than 10˚C” (Freitag & McFadden, 1997).
During winter months, the air temperature in some parts of the
Arctic region may fall as low as -60˚C. The long Arctic winters can
have a profound effect on steel structures and equipment, since
prolonged periods of relatively cold temperatures are more dangerous
than a few hours of extremely intense frost. Normally, as the
temperature drops below 0˚C, the hardness, yield strength, ultimate
tensile strength and modulus of elasticity of a metal increase but
ductility decreases (Kaushish, 2010). The greatest change in metal
properties occurs when the metal cools down to extremely low
temperatures near the boiling point of liquid hydrogen (-253˚C).
Carbon steels, however, embrittle already at less severe sub-zero
temperatures encountered in the Arctic region (Davis, 1994). Therefore,
the main challenge for conventional steels in Arctic conditions is the
need to ensure a lack of susceptibility to brittle fracture below specific
ambient temperatures. The phenomenon of brittle fracture at low
temperatures has caused many serious accidents (Solntsev, Ermakov, &
Sleptsov, 2008), and brittle fracture resistance should be examined
carefully and extensively to ensure that any steel adopted for Arctic
environments remains ductile at low temperatures.
The first applications of steels in the Arctic region were not
particularly successful from the engineering point of view due to the
numerous failures of industrial machines, pipelines and steel structures
during the winter season. For instance, the service period of cars in
Northern Russia was two times shorter compared to the European part
of Russia. Severe Siberian winters were particularly hazardous, and
excavator and bulldozer part failures occurred 3–6 times more often
than during summer (Solntsev et al., 2008).
Reliability plays a crucial role in energy-related applications in the
Arctic region, since even a relatively small oil spill may seriously
damage the fragile Arctic ecosystem. A serious industrial accident like
the recent British Petroleum oil spill in the Gulf of Mexico (Farrell,
2011) would cause significantly greater devastation in the Arctic
region. Settlement density and therefore accessibility to equipment to
resolve such incidents is much lower in the Arctic region than in any
other part of the world. Furthermore, it would be extremely expensive
to clean up the oil and restore the Arctic ecosystem, which could be
irreparably damaged, seriously jeopardizing fish and other living
organisms in the area. A further problem is that modern oil spill
cleaning techniques are ineffective in Arctic conditions. For example,
the bacteria cleaning method is not applicable (Wang & Stout, 2010).

The appeal of Arctic resources and the risks inherent in their
exploitation has led to extensive development efforts and employment
of reliable, high-quality manufacturing techniques and cold-resistant
materials.

MATERIALS FOR THE ARCTIC
The materials selected play a key role in determining the success of
engineering solutions. In Arctic applications, engineering materials
should satisfy a wide range of rigorous criteria for low-temperature
conditions, which typically include the following (Gorynin &
Malyshevskiy, 2007; Odessky, 2006):
• Low-temperature toughness down to -60˚C;
• Yield strength requirements of 235–690 MPa (or higher to decrease
the weight of structures);
• Isotropy of material properties in any dimension;
• Resistance to forming brittle fracture;
• Reasonable weldability without preheat and post-heat treatment (or
with minimal preheat temperature required);
• Capability of withstanding static and dynamic wind and wave loads
according to the operational parameters;
• Successfully passed Charpy test, Fracture Appearance Transition
Temperature (FATT) test, Nil-Ductility Transition test (NDT), Drop
Weight Tear test (DWTT), Crack Tip Opening Displacement test
(CTOD) and Tkb test (required by Russian Maritime Register of
Shipbuilding only).
This paper looks at one of the major factors influencing steel’s lowtemperature properties, namely, the ductile-to-brittle transition
temperature. Ductile-to-brittle transition temperature shows at what
temperature steel starts to fracture with brittles, which is especially
hazardous due to the fast and spontaneous fracture behaviour. A typical
ductile-to-brittle curve is shown in Fig.3. Brittle fracture is a failure that
occurs when steel is subject to a load, but the dimensions are restrained
preventing the steel from fully developing its yield potential.

Fig.3 Typical steel ductile-to-brittle translation curve
The transition temperature of steels depends on many factors, which
can be divided into internal and external factors; the most prominent
internal factors of steels are the type of lattice, grain size and condition
of grain boundaries, the amount of alloying elements, and the shape and
size of possible non-metallic inclusions (Solntsev et al., 2008). External
factors include possible welding or other defects (which are stress
concentrators), loading conditions and corrosive environments. This
paper focuses on the effect of alloying elements on the transition
temperature.
One of the most widely used methods for determining the transition
temperature is Charpy impact testing. This test measures the amount of
energy absorbed by a standard notched sized specimen, which is
stroked by a controlled weight pendulum swung from a set height. The

amount of energy absorbed in fracturing the specimen is recorded, and
this gives an indication of the notch toughness of the test material. The
appearance of a fracture surface, measured by the FATT test, provides
additional information about the type of fracture that has occurred. The
percentage crystallinity is determined by looking at the amount of
brittle fracture on the surface of the broken specimen.
The Charpy test is often applied to welded structures, as it is
required by welding codes in piping, pressure vessels and outdoor
structural codes, especially for low-temperature applications. When
applied to welded structures, impact resistance is measured with the
weld deposit, as well as with the heat-affected zone.
To prevent brittle fracture and its concomitant harmful effects,
special steels should be used, such as F690W or other F grade steels,
which are alloyed for low-temperature environments. Moreover, the
design of steel constructions should be such as to prevent excessive
concentration of stress, and welding should be done in accordance with
proper preheat and post-heat weld treatments (McFadden & Bennett,
1991). A study on failed shipbuilding plates demonstrated that a notch
toughness value of 20–35 J/cm2 is sufficient to prevent the initiation or
propagation of brittle cracks (Tsinker, 2012). This value range may not,
however, satisfy some special requirements, and therefore impact test
values are usually set individually for each application. For instance,
the critical parts of an Arctic offshore structure or an icebreaker, such
as ice-resistance water level elements can be subject to significantly
higher notch toughness value requirements than mentioned above.

EFFECTS OF ALLOYING ELEMENTS
Alloying elements and the processing history of steel have a
profound effect on the ductile-to-brittle transition curve. Some alloying
elements, such as nickel, help to lower the temperature point of brittle
fracture, whereas others, such as carbon and sulphur, contribute to an
increase in this temperature. Each alloying element has some effect on
the notch toughness value, but it is not always easy to assess the precise
impact of each particular element, since all the alloying element
influences are interrelated (Leslie, 1991; Pickering, 1978).
Alloying elements can be classified as those that are purposely
added to improve a certain property of steel and those that are
impurities. The major alloying elements in steels comprise manganese,
silicon, chromium, nickel, molybdenum, tungsten, cobalt, copper,
titanium, vanadium, niobium and aluminium. In some steels, a
secondary set of alloying elements (phosphorus, sulphur, nitrogen,
selenium, tellurium, lead, cerium, lanthanum and others) can also be
used. The secondary set of alloying elements and the following
elements: hydrogen, oxygen, tin, antimony, arsenic and bismuth; can be
viewed as impurities in the steel composition if they are not added
purposely. The amount of the elements in the composition of steels can
vary from thousandths of a percentage to several tens of percentage.
Typical modern steel has limits for impurities which are for manganese
and silicon <0.4 %; nickel, copper and chromium <0.3 %; and
phosphorus and sulphur <0.05 %.
Impurities in steels can be divided into three groups: constant,
incidental and harmful (Goldshteyn, 1984). Constant impurities are
manganese and sulphur, which are present in most steels. If the amount
of manganese does not exceed 0.8%, it is classified as an impurity; if
the steel contains more manganese, this element is considered to act as
an alloying element. Incidental impurities are any elements that are
incorporated into the steel composition from charging materials.
Typical incidental elements are chromium, nickel, copper,
molybdenum, tungsten, aluminium and titanium. Harmful impurities
include phosphorus, sulphur, arsenic and gases hydrogen, nitrogen and
oxygen (Goldshteyn, 1984).
The paper shows how widely employed the purposely added
elements and how frequent the most often encountered impurities are

which influence the impact energy values of typical steels at low
temperatures.

Purposely added elements
The alloying elements in this group are purposely added to the steel
composition in order to achieve the required properties. A wide range
of elements are used in steel making, and this article will cover only
those that are widely used for cold-resistant materials.
Carbon. Carbon plays one of the most prominent roles as an alloying
element in steel. The percentage of carbon significantly influences the
notch toughness, tensile strength and hardness of steel. An increased
carbon content is the most economical choice to improve the tensile
strength of steel. High-carbon steels demonstrate greater hardness, but
lower notch toughness. Such steels are not useful for low-temperature
service due to their high transition temperatures. For instance, AISI
1040 steel with 0.4% carbon has a transition temperature 42˚C higher
than the low-carbon AISI 1010 steel with about 0.1% carbon (Messler,
2004). An analysis has shown that for every 0.1% of carbon content
increase, the 20 J transition temperature increases by approximately
14˚C (McFadden & Bennett, 1991).
Fig.4 illustrates how the carbon content influences the impact
energy at various temperatures. The impact energy of the specimens
was evaluated by performing Charpy V-notch tests. It can be seen that
normalised plain carbon steel with 0.11% carbon can be safely used at
temperatures as low as -50°C, whereas steel with 0.69% carbon is
suitable only for applications above 0°C. The chart also shows that
low-carbon steels tend to have steep transition curves.

Fig.5 Effect of manganese/carbon ratio on the transition temperature of
ferritic steels (Davis, 2001)
Fig.5 shows that ferritic steels with little carbon (0.01–0.11%) and a
manganese/carbon ratio of about 15:1 are the best choice for operation
in the Arctic region at temperatures as low as -80°C. Ferritic steels with
a high amount of carbon (0.31–0.67%) and a manganese/carbon ratio of
5:1 or less are absolutely not suitable for low temperatures, as such
steels have a transition temperature of about 0°C.
In low-temperature applications, the carbon content of the steel
should be kept minimal to provide a low transition temperature and
good weldability, but high enough to fulfil the required strength.
Manganese. The manganese content affects the transition temperature
in many ways. In the case of low-carbon steels, manganese can
substantially lower the transition temperature. An example of this
influence on 0.3% carbon steel is shown in Fig.6 a. For high carbon
content steels, however, manganese is less beneficial. The amount of
manganese in a furnace-cooled high carbon ferritic steel strongly
influences the absorbed impact energy of a specimen at low
temperatures. As can be seen from Fig.6 b, steels with 2% manganese
can be used at temperatures as low as -25°C, whereas steels with 0.5%
manganese are suitable only for temperatures above 15°C.

Fig.4 Variation in Charpy V-notch impact energy by temperature for
normalised plain carbon steels of various carbon contents (Davis, 2001)
Despite the negative influence of a high carbon content, it is
possible to use high carbon content steels for low-temperature service.
The negative impact of carbon on the transition temperature can be
offset by adding manganese. Each 0.1% of manganese lowers the
transition temperature by about 5.5˚C. Fig.5 shows how carbon and
manganese contents influence the notch toughness of steels. There are
steels on the market with different manganese/carbon ratios, for
instance 2:5. To ensure reasonable notch toughness, however, the
manganese/carbon ratio should be at least 3:15.

Fig.6 a - Variation in Charpy V-notch impact energy by temperature for
furnace-cooled Fe-manganese-0.5% carbon alloys containing varying
amounts of manganese (ASM International Handbook, 1991), b Variation in Charpy V-notch impact energy with temperature for 0.30%
carbon steels containing varying amounts of manganese. The
specimens were austenitised at 900°C and cooled at approximately
14°C/min. The microstructures of these steels were pearlitic (Davis,
2001).
In hardened and tempered steel, manganese has a negative effect.
Manganese can make the steel susceptible to temper embrittlement,
which can result in the formation of a less tough upper bainite during
normalising. Fig.7 shows the manganese content effect on impact
energy data at low temperatures on steels which were hardened and
tempered to a yield strength of approximately 1175 MPa. The chemical
composition of steels is the following: 0.35% carbon, 0.35% silicon,
0.80% chromium, 3% nickel, 0.30% molybdenum, 0.10% vanadium

and indicated amounts of manganese. The microstructures of these
steels contained tempered martensite.

Deoxidisers are employed to remove oxygen, and therefore produce
better fine grain killed steels. Killed steels have a lower transition
temperature and are highly applicable for low-temperature service
(Davis, 2001).
Nickel. Nickel, as a metal with a face-centred cubic structure has a
stronger effect on the transition temperature than any other alloying
element. Nickel is less effective in improving the toughness of
medium-carbon steels than low-carbon steels. However, even a small
amount of nickel in an alloy reduces the transition temperature. This
can be explained by the following properties of nickel (Freitag &
McFadden, 1997):
• The presence of nickel in the steel lowers the eutectoid
transformation temperature from austenite to ferrite thus encouraging a
much smaller grain size;
• Nickel acts to reduce the free nitrogen content of the steel.

Fig.7 Variation in Charpy V-notch impact energy by temperature for
the alloy steel (ASM International Handbook, 1991)

Fig.9 shows the effect of nickel on the transition temperature of lowcarbon steel.

Other ways in which manganese influences the transition
temperature are: acting as a deoxidiser when it connects with free
sulphur to form manganese sulphide; reducing the formation of grain
boundary cementite; and strongly acting as a grain-refining mechanism
to produce fine pearlite, which increases the ductility of steels (Freitag
& McFadden, 1997).
Aluminium. Aluminium is beneficial for low or medium-carbon steels
at around 0.02% where it has an optimum effect on fine grain size
(ASM International Handbook, 1991). The effect of aluminium on the
notch toughness of medium-carbon steel is illustrated in Fig.8.
Aluminium can play an important role in high-strength low-alloy steels
by influencing the solubility of vanadium, niobium and titanium.
However, for heat-treated steels, aluminium has a relatively significant
effect on the grain refinement of as-rolled steels due to the fact that it
remains in solution during the hot rolling process.
Fig.9 Effect of nickel on low-temperature embrittlement of low-carbon
steels (Freitag & McFadden, 1997)
Fig.9 shows that low-carbon steels with a high percentage of nickel
(8.5–13%) demonstrate outstanding Charpy V-notch test results of
more than 40 J at -140°C. Steels with smaller amounts of nickel, such
as 3.5% or 2%, also show a considerable improvement in lowtemperature properties compared with steels containing no nickel.
Stainless steels, which are all high-nickel alloys, do not exhibit a
transition to brittle behaviour at low temperatures (Freitag &
McFadden, 1997). Therefore, these steels have no transition from tough
to brittle at low temperatures, making them an excellent but expensive
choice for cold-temperature service.

Fig.8 Variation in the Charpy V-notch impact energy by temperature
for normalised and tempered medium-carbon steels containing varying
amounts of aluminium (ASM International Handbook, 1991)
Steel with no aluminium shows poor Charpy V-notch test results at
low temperatures. However, an increase in the aluminium content to
more than 0.075% will affect notch toughness, as this amount is greater
than needed to form aluminium nitrides.
Aluminium is also used as a deoxidiser in steel together with silicon.

Boron. Boron has a negative influence on the transition temperature of
steels with as-rolled, as-normalised and as-annealed conditions. Boron
however improves toughness without reducing the strength of
quenched and tempered steels, which are widely used in the Arctic
shipbuilding and offshore industry. Fig.10 shows a positive effect on
the impact energy value for steels 10B21 with 0.0005–0.003% of boron
and 1038 without boron, and it can be seen that steel 10B21 has greater
toughness.

normalised from 955°C (Phillips, Duckworth, & Copley, 1964)
Fig.11 shows that niobium has a strong positive effect on the lowtemperature properties of normalised low-carbon steel. It can be
observed that steel containing 0.68% niobium has Charpy V-notch test
results of about 100 J at -60°C, whereas steel with 0.075% niobium
shows the same results already at -15°C.

STEEL IMPURITIES

Fig.10 Effect of boron content on notch toughness. Room-temperature
Charpy V-notch impact energy varies with tensile strength for 10B21
and 1038 steels having tempered martensile structures (Davis, 2001)
Chromium and molybdenum. Molybdenum is the most commonly
added element in the quantity of up to 0.40% with the aim of increasing
hardenability. It also influences notch toughness, primarily through its
impact on the microstructure. About 0.5 to 1.0% of molybdenum can
be added to alloy steels to reduce their susceptibility to temper
embrittlement. Molybdenum helps to delay rather than eliminate
temper embrittlement (Vishnevsky, Steigerwald, TRW INC
CLEVELAND Ohio, Center, & TRW, 1968).
Adding chromium raises the transition temperature of steel to some
extent. Most often, chromium is used to increase hardenability, even
though it often results in the formation of a martensite microstructure.
For steels with more than 0.90% of chromium, it is extremely difficult
to achieve the microstructures and mechanical properties that meet lowtemperature service requirements. Straight chromium alloy steels, such
as 5140, are vulnerable to embrittlement when quenched to martensite
and tempered at a temperature range of 370 and 575°C (Vishnevsky et
al., 1968).
Vanadium, niobium and titanium. Vanadium, niobium and titanium
are commonly used in steels that undergo controlled thermomechanical treatment. When the steel is finished at temperatures below
925°C, vanadium, niobium and titanium improve toughness primarily
by refining the ferrite grain size. However, if used at higher finishing
temperatures, these elements may be harmful to toughness. The effect
of niobium on toughness in low-carbon normalised steel is shown in
Fig.11 (Vishnevsky et al., 1968).

Typical steel impurities are phosphorus, sulphur, arsenic and gases
(hydrogen, nitrogen, oxygen). All of these, except arsenic, are present
in all steels (Odessky & Kulik, 2005). It is generally recommended that
the amounts of sulphur and phosphorus do not exceed 0.02–0.03%,
however, taking into account the strong negative influence of these
elements on the low-temperature properties of steel. For modern coldresistant steels it is recommended to lower the sulphur content to less
than 0.005% and phosphorus content to less than 0.01% (Odessky,
2006). One of the major problems associated with steel impurities is
that they form chemical composites which result in pores and hence
significantly lower the notch toughness of steel at low temperatures.
The size of impurity inclusions ranges from 0.5–500 μm (typically
about 50 μm). These chemical composites are typically oxides,
silicates, sulphides and nitrides.
Sulphur. Sulphur and sulphides negatively influence the ductile-tobrittle translation temperature and the overall quality of the steel. They
contribute to the formation of cracks in welds and casts, and to the
embrittlement of metal in the heat-affected zone of the weld. Maximum
solubility of sulphur in γ-ferrite is 0.065%, whereas it is lower in αferrite (0.0324% at 910°C). At room temperature, sulphur solubility in
ferrite is as low as 0.0012%; therefore, unlike phosphorus, it is almost
non-soluble in ferrite. Despite the relatively low sulphur content in
modern steels (0.005–0.055%), sulphur still affects the properties of
steel because of its tendency to segregate at the grain boundaries.
Numerous efforts have been taken to lower the sulphur content
(Gorynin & Malyshevskiy, 2007). The necessity of sulphur reduction in
steels has been confirmed by practical observations (Odessky & Kulik,
2005). For instance, the effect of sulphur on the flaw percentage with
long steel product 355J2G3 at an impact energy of 50 J at -40°C are
shown in Fig.13.

Fig.13 Flaw percentage of long product 355J2G3 at impact
energy 50 J at -40°C for various sulphur contents (Odessky &
Kulik, 2005)

Fig.11 Variation in Charpy V-notch impact energy by temperature for
low-carbon steels containing varying amounts of niobium that were

Another example of the negative influence of sulphur is its effect on
the impact energy value of cast steel 35Л. An increase in the sulphur
content from 0.02 to 0.10% in the chemical composition of latter steel
lowers the impact energy value at +20°C from 120 to 40 J/cm2, and at 60°C from 40 to 10 J/cm2 (Solntsev et al., 2008).
Sulphur also influences high-strength steels, as shown in Fig.14.

The figure shows the Charpy V-notch impact energy of high-strength
low-alloy steels which contain various amounts of sulphur. The steels
were silicon-aluminium killed with a minimum yield strength of 450
MPa.

Fig.14 Variation in transverse Charpy V-notch impact energy by
temperature for high-strength low-alloy steels containing varying
amounts of sulphur (ASM International Handbook, 1991)
It can be seen that for silicon-aluminium killed steels a reduction in
sulphur from 0.025% to 0.006% will cause an improvement in the
Charpy V-notch test results from 12 to 35 J at -50°C. This
improvement in energy absorption results from a reduction in the
number of sulphide stringers in the steel (Goldshteyn, 1984).
The sulphur amount can be reduced by the deoxidation of steels.
Semi-killed, rimmed and silicon-killed steels contain only about 0.03%
sulphur, and such small amounts do not have a significant influence on
notch toughness. The chemical elements often used in steel production,
such as manganese, aluminium, titanium, zirconium and rare earth
elements, influence the composition, size and distribution of sulphides.
Magnesium and calcium also play an important role in this process. All
these elements act either as desulphurisers or they form chemical
compounds that are less harmful than sulphides.
Modern steels aimed for low-temperature service have less than
0.005% sulphur. For rimmed, semi-killed and silicon-killed steels,
sulphur in such amounts has a negligible effect on notch toughness.
Phosphorus. Phosphorus has both positive and negative effects on steel
properties. It significantly strengthens ferrite and increases corrosion
resistance in air; on the other hand, a high phosphorus content results in
brittleness, a drop in absorbed impact energy and lowers resistance to
brittle fracture (Goldshteyn, 1984). Moreover, phosphorus is a cause of
numerous cracks when steel is welded.
The solubility of phosphorus in γ-Fe is about 10 times less than its
solubility in α-Fe. Phosphorus solubility in α-Fe at 800°C is 1.26%,
whereas at room temperature it is 0.015%. The strong strengthening
effect of phosphorus occurs because the larger atoms of phosphorus
replace iron atoms. However, this effect also results in the
embrittlement of the material. Additionally, phosphorus affects grain
boundary brittleness by causing segregation at the grain boundaries,
which has an adverse effect on the notch toughness of steel. The
measurements of the cold resistance of steel with a phosphorus content
ranging from 0.02% to 0.5% show that cold resistance changes
especially at the start of increasing the phosphorus content from 0.02 to
0.1%. The negative effect of phosphorus is also significant when the
phosphorus content is more than 0.04%. Increasing the phosphorus
content from 0.02% to 0.12% raises the ductile-to-brittle transition
temperature by more than 80°C (Skorokhodov, Odessky, &

Rudchenko, 2002). This fact makes high-phosphorus steel unsuitable
for low-temperature applications (McFadden & Bennett, 1991). Fig.15
shows the impact energy test results at various temperatures for
chromium-siliceous-cuprum structural steel with different phosphorus
contents.

Fig.15 Impact energy of chromium-siliceous-cuprum structural steel at
various temperatures with different phosphorus contents (Odessky &
Kulik, 2005)
When combined with manganese, phosphorus affects the impact
test results at low temperatures in an even more dramatic way. An
increase in the manganese content results in a reduced solubility of
phosphorus in ferrite grains, and therefore leads to the segregation of
phosphorus at ferrite grain borders. Consequently, for steels containing
more than 1% manganese, it is advised to reduce the phosphorus
content as much as possible. Nickel, molybdenum and copper
significantly weaken the dangerous influence of phosphorus.
In modern steels for low-temperature applications, it is
recommended to limit phosphorus to 0.01%. If the content of
phosphorus is lower, corrosion resistance will be adversely affected
(Shabalov, 2005).
Mutual infuence of sulphur and phosporus. Sulphur and phosphorus
both influence the impact energy values of steel in a negative way.
There is also a mutual influence of these elements on steel lowtemperature properties. The influence of various alloying elements on
KCU-40 was studied by collecting data from more than 1000 alloy
samples (Butcher, Grozier, & Enrietto, 1976). The study produced two
formulas (1,2) obtained empirically for steels of normal strength and
high strength over 390 MPa.

KCU-40=14.3 - 11.2(%C) – 0.6(%Mn) – 2.6(%Si) – 78.5(%S) –
22.2(%P) – for normal strength steels
(1)
KCU-40=30.6 - 0.5(%C) + 4.3(%Mn) + 5.5(%Si) – 15.1(%Cr) +
0.9(%Ni) – 10(%Mo) + 10(%V) - 3(%Cu) – 350.5(%S) –
220.2(%P) – 288.2(%B) – for high strength steel
(2)
It can be seen from (2) and (3) that sulphur and phosphorus have a
stronger negative influence on the impact energy test results of highstrength steels than normal strength steels. The negative influence of
sulphur and phosphorus on KCV-60 is illustrated in Fig.16, which
describes impact energy data for steel 12ХГФЛ modified with alkalineearth elements (Butcher et al., 1976).

chemical compositions with nitrogen, which serve to stabilise the grain
size and thus increase the notch toughness of the steel (ASM
International Handbook, 1991).
Nitrogen dissolved in ferrite results in higher strength and greater
brittleness. Therefore, one aim in steel production is to remove
nitrogen. Nowadays, nitrogen is mainly removed by microalloying with
strong nitride forming elements. The amount of nitrogen in modern
cold-resistant steels has been lowered to 0.003–0.004%.

CONCLUSIONS

Fig.16 Influence of sulphur and phosphorus on KCV-60 of steel
12ХГФЛ modified by alkaline-earth elements (Solntsev et al., 2008)
Taking into account all provided information about the negative
influence of sulphur and phosphorus, it is clear that modern lowtemperature steels, especially thick plates of high strength, must have
low sulphur and phosphorus content.
Oxygen. Oxygen has a harmful effect on the transition temperature and,
consequently, steels for low-temperature service should be deoxidised.
Steel with a high content of oxygen has a transition temperature above
20˚C, whereas steel deoxidised with silicon or aluminium can undergo
a transition temperature of about -60˚C (McFadden & Bennett, 1991).
Even 0.002–0.003% of oxygen in the ferrite results in significant
intergranular embrittlement (Guliayev, 1975; Stoloff, 1976), which can
be seen from Fig.17.

Fig.17 Steel with different oxygen contents and their effect on the
impact energy value (Stoloff, 1976)
The solubility of oxygen in ferrite is negligible; therefore it affects
metal properties mainly as non-metallic inclusions, such as oxides and
silicates.
The properties of steels also depend on the deoxidant applied,
because deoxidants influence the size and structure of non-metallic
inclusions. These non-metallic inclusions have been found in thick
plates of steel Ст3 and 09Г2С and affect the cold-resistance properties
(Yavoysky, 1980). Deoxidants are often used in combination. For
instance,
combinations
of
aluminium,
aluminium+calcium,
aluminium+calcium+cerium can decrease the oxygen content from
0.0040 to 0.0025% in carbon steel with 0.2–0.4% carbon.
In typical steel, the oxygen content is about 0.005%; however, for
low-temperature applications, the amount of oxygen should be lowered
to 0.003% or less.
Nitrogen. A large amount of nitrogen has a negative effect on the
transition temperature. However, most nitrogenised steels are
deoxidised with silicon and aluminium, and these elements form

Nowadays, numerous offshore structures and maritime vessels for
low-temperature service are produced, and the demand for metal
structures capable of withstanding low temperatures is expected to rise.
The main reason for this is an increased interest by the oil and gas
industry to develop the Arctic offshore region. This interest has arisen
because a significant amount of oil and gas is stored beneath the
seabed, global warming has caused a dramatic reduction of the ice
coverage making offshore platform deployment easier, and modern
developments in steel production allow the manufacturing of highstrength steels with outstanding low-temperature properties.
This paper presents an overview of the required properties of
materials for Arctic conditions; the most prominent of these are lowtemperature toughness, high strength and reasonable weldability. The
materials used in the Arctic region should have a high transition
temperature to avoid brittle behaviour, which can be the cause of
failure.
The alloying elements in the chemical composition of steels can
greatly influence their low-temperature properties. It was observed that
high amounts of carbon, sulphur, phosphorus, nitrogen and oxygen
along with other impurities have a negative effect on the transition
temperature of steel. Surface cracks, notches and large plate thickness
also adversely affect the low-temperature properties of steel. On the
other hand, manganese, metals with a face-centred crystal structure,
chromium, molybdenum, vanadium, niobium, zirconium and rare earth
elements help to lower the transition temperature. Deoxidisers
(aluminium, calcium and cerium) can be used to capture oxygen in the
steel and improve its low-temperature properties. Boron has a strong
positive effect on quenched and tempered steels. Typical impurities in
steel are phosphorus, sulphur, arsenic and gases (hydrogen, nitrogen,
oxygen). All of these impurities, except arsenic, are present in any steel
in small quantities. Sulphur and phosphorus more strongly influence
the ductile-to-brittle transition temperature of high-strength steels than
normal strength steels.
Table 1 summarises the effect of alloying elements on the properties
of low-temperature service steels. Sulphur and phosphorus have
adverse effects on the low-temperature characteristics of steel, and even
though there are elements that can compensate for these negative
effects, the amounts of sulphur and phosphorus should be kept as low
as possible.
Table 1. Summary of alloying element effects on ductile-to-brittle
transition temperature of cold-resistant steels
Beneficial for low-temperature Harmful for low-temperature
service steels
service steels
Elements that help to decrease the High carbon content
grain size (aluminium, nickel,
vanadium, niobium, titanium,
nitrogen)
Metals with FCC crystal structure Impurities, especially phosphorus
(nickel, calcium, aluminium, and sulphur
copper)
Rare earth elements (cerium, Gases, such as oxygen, nitrogen
ytterbium)
and hydrogen

Metals with hexagonal close
packed structure (titanium and
zirconium)
Deoxidisers (aluminium, calcium,
cerium and its combinations)
Boron
(for
quenched
and
tempered steels)
Steels intended for low-temperature service should be limited to the
following amounts of alloying elements: sulphur, phosphorus≤0.035–
0.040%, nitrogen≤0.012%, O2≤0.008%, H2≤0.0009%. For particularly
demanding low-temperature applications, it is advised to lower the
amounts even further: sulphur≤0.005%, phosphorus≤0.01%,
nitrogen≤0.004%, O2≤0.003%, H2≤0.0003%. Modern industry is
capable of meeting these recommendations.
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ABSTRACT

THE ARCTIC AND ITS NATURAL CONDITIONS

Northern European countries and Russia have growing interest in
developing Arctic oil. This paper provides a comprehensive review of
European and Russian metals that are used or can be used in Arctic
offshore structures. The article examines several groups of steel, such
as low carbon, low-alloy, chromium containing steels and stainless
steels, and additionally considers aluminium in low-temperature
applications. The paper introduces standardized materials and their
properties and discusses recent developments. It further describes
practical applications of the presented metals in some recent Arctic
offshore projects. The harsh and variable low-temperature Arctic
environment imposes considerable demands on metals, and the
challenging task of metal selection requires specific knowledge of
metal behavior in such conditions.

Arctic areas hold enormous natural resources, such as oil, minerals
and natural gas. Moreover, the strong Arctic winds provide outstanding
opportunities for the wind power industry (Lancaster, 1997).
Consequently, there is a strong interest in developing the region despite
its hazardous conditions. A map of the Arctic is presenting sites in
production or under development and areas of interest in Fig. 1.

KEY WORDS: Arctic, Offshore, European materials, Russian
materials, Cold resistant, Carbon steels, Stainless steels.

INTRODUCTION
With the world’s growing demand for natural resources, the Arctic
region has become an attractive area for exploitation, particularly in the
area of energy, as it is estimated to contain about 15% of global oil
reserves (Lindholt, 2006). Ice shrinkage, promoted by global warming,
is encouraging the development of the offshore and shipbuilding
sectors. It has become clear that further development of reliable Arctic
offshore structures is highly dependent upon the materials employed.
European countries such as Norway, Denmark, Iceland, Sweden and
Finland, thus, have great interest in the development of cold-resistant
materials. One of the world’s leading oil and gas producing countries,
Russia is also actively participating in cold-resistant materials research.
The US and Canada have interest in developing the Arctic area,
however, Arctic offshore drilling has not yet started in North America,
unlike Russia and Norway. For this reason, American and Canadian
materials are not covered in this paper.
The purpose of the paper is to provide a comprehensive review of
European and Russian metals that are used or can be used in Arctic
offshore structures. The article examines several groups of materials,
such as low-alloy steels, stainless steels and aluminiums. A further aim
of the paper is to study various Arctic offshore structures that are
currently operative. The paper contributes to the literature by providing
valuable knowledge about metals used in the specific circumstances of
low-temperature Arctic offshore structures.

Fig.1 Arctic map of production sites and areas of interest, based on data
from (Ahlenius, 2008; Anderson, 2010; Gautier et al., 2009; Roto et al.,
2011)
Offshore structures placed in the Arctic region are affected by
extremely low temperatures, which can drop even below –60°C
(Serreze et al., 2005). The cold Arctic temperature is not dangerous for
metal structures over short periods of time; however, prolonged periods
of relatively cold temperatures are the cause of numerous serious
accidents (Kaushish, 2008). Severe winds of about 5-15 m/s and up to
50 m/s also affect working conditions (Przybylak, 2003). A further
pertinent aspect of Arctic conditions is the fragile ecosystem, which
results in rather high reliability requirements for offshore structures.
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Additionally, some Arctic regions are seismically active, which
contributes dramatically to the already severe conditions. Offshore
structures that are situated at sea with floating ice need to have an iceresistant caisson to prevent possible damage from ice.

The most important criteria for these materials are:
• Ability to withstand large impact loads due to interaction with ice
• Low temperature toughness down to -60˚C
• Isotropy of material properties across dimensions
• Resistance to brittle fracture at low operation temperatures
• Moderate corrosion resistance in seawater
• Capability to withstand static and dynamic wind and wave loads
according to the operational parameters
Nowadays, clad steels are most often employed in these
applications, thanks to their outstanding combination of properties,
such as cold and corrosion resistance. Clad steels are capable of
withstanding such harsh conditions for longer periods of time, even
compared to expensive grades of steel, such as 316L. Essentially, clad
steel combines the advantages of the component materials but is
relatively expensive and has low manufacturability. An example of clad
steel suitable for Arctic conditions is steel F36SZП, which has F36SZ
as a substrate and a clad layer from 316L or 317LN. These steels show
considerably better corrosion resistance over several years compared to
plain steel F36SZ (Khaustov, 2006).
The last group of materials are placed underwater and therefore
operation temperatures only as low as -2˚C need to be taken into
consideration. Nevertheless, these materials can be considered as
operating under severe conditions, since the salinity of Arctic seas is
high and causes a high rate of corrosion. The underwater parts of an
offshore platform also have to be resistant to biofouling. Most
importantly, however, these parts are responsible for the stability of the
offshore structure and experience the highest loads. These parts have
the strictest material requirements in terms of toughness and strength.
General requirements are the following:
• Yield strength requirements up to 890 MPa
• Isotropy of properties across material dimensions to ensure high
strength
• Reasonable weldability
• Strong corrosion resistance in sea water (can be substituted by an
appropriate coating)
• Capability to withstand static and dynamic loads according to the
operational parameters

REQUIREMENTS FOR MATERIALS
An offshore platform is a complex assembly consisting of various
parts with different functions. Therefore, a wide range of materials with
different properties is employed. According to (Novitsky et al., 2009)
the parts of an Arctic offshore platform can be classified into elements
with special requirements, general construction elements, and
secondary constriction elements. The elements with special
requirements are responsible for the overall strength of a structure and
need to be capable of withstanding heavy loads. Such elements include,
for example, waterline construction elements, ice-resistant girders,
connection elements of platform body parts, and elements whose crosssection area changes dramatically. The general construction elements
are used to provide overall strength to the platform and ensure the
safety of operations. These elements include the outer cover plates of
body parts, the structural frame beams, general deck cover plates and
bulkhead covers. The secondary construction elements do not
significantly influence the safety and operating conditions. Typical
elements in this group include internal elements that are not related to
the overall strength of the platform and the secondary set of covers and
flooring.
This paper focuses on materials for critical and important parts of
offshore structures, because materials for other parts do not require
such special attention when selected. Materials used for critical and
important parts of offshore structures need to withstand rigorous
operation conditions, as can be seen in Fig. 2.

METALS
This section looks at different types of metal available for offshore
structures. The most commonly used metals are carbon steels. Highstrength steels, in particular, are in great demand, as they have good
strength/weight ratio. Duplex stainless steels also play an important
role in offshore engineering, thanks to an attractive combination of
corrosion resistance, strength and low price. In addition to steels,
aluminium alloys are also introduced and discussed.

Fig. 2 Environmental conditions experienced by an offshore platform in
the Arctic region, based on data from (Khaustov, 2006)
Parts located above the waterline experience extremely low
temperatures, down to -60˚C, a moderately corrosive environment (sea
air) and various loads. These parts have to fulfill the following criteria
(Gorynin at al., 2007; Odessky, 2006):
• Low temperature toughness down to -60˚C
• Yield strength requirements up to 690 MPa
• Isotropy of properties across material dimensions to ensure high
strength
• Resistance to brittle fracture at low operation temperatures
• Reasonable weldability with minimal preheat and postheat
temperature required to ease the assembly process
• Moderate corrosion resistance in sea air
• Capability to withstand static and dynamic wind and wave loads
according to the operational parameters
Materials of the ice-resistant girder located at the waterline face the
toughest challenge; since they need to be extremely strong to protect
the structure from floating ice and at the same time, they need to
operate safely in the constantly changing temperatures at the waterline.

Carbon high-strength steels
This paper focuses on high-strength carbon steels, as these types of
steels have attractive properties for Arctic offshore structures. Steels
with less than 450 MPa yield strength can be welded without difficulty.
However, more research on welding of steels of yield strength higher
than 600 MPa is required, even though certain grades can be easily
welded. High-strength steels offer an attractive combination of low
weight/strength ratio and overall cost. However, in most cases current
standards do not include steels with yield strength greater than 500
MPa, which therefore limits their use in offshore applications.
In order to be used for Arctic offshore structures, steels must show
impact energy of at least 27 J (SFS-EN 1993-1-1, 2005) at -40˚C and
should have an appropriate toughness at -60˚C. Table 1 lists the major
Russian and European steels currently used in the Arctic. It is important
to note that steels FW, F32W, F36W, F40W, F460W, F500W, F690W,
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• Steels with improved weldability for low temperatures and
the guarantee of layered tear resistance for structures with
operational temperature of -20˚C to -30˚C (DW, ЕW, D32W,
E32W, D36W, E36W, D40W, E40W, D460W, E460W, D500W,
E500W, D620W, E620W, D690W, E690W)
• Steels with improved weldability for low temperatures and
the guarantee of layered tear resistance for structures with operated
temperature -40 to -50˚C (W, F32W, F36W, F40W, F420W,
F460W, F500W, F620W, F690W)
All of the above steels meet the requirements of the Russian
Maritime Register and Det Norske Veritas for Arctic shipbuilding and
technical equipment for the exploration and production of
hydrocarbons. Tests show that these grades of steels have rather high
crack growth resistance at low temperatures and fulfill CTOD
requirements for base metal at temperatures as low as -50 -70˚C and for
welded metal at temperatures -40 -45˚C (DNV-OS-B101, 2009; RS,
2012).
Recently, new cold-resistant grades of steels have been developed in
Russia: F500arc40, F620arc40 и F690arc40. These steels are used for long
products of thickness up to 50 mm. The mark ”arc” means that the steel
grade meets the requirements of the Russian Maritime Register for
guaranteed resistance to brittle, tear and corrosion failure at low
temperatures (RS, 2012).

are used for marine applications both in Russia and Europe. In Table 1
the Charpy impact test is shown for steel plates of less than 70 mm
thickness, because if thickness exceeds 70 mm, these requirements
have to be raised (DNV-OS-B101, 2009).
Table 1. Low-alloy Russian and European steels (DNV-OS-B101,
2009; GOST 19281-89, 2012; ISO 3183, 2007; SFS-EN 10025-6,
2009; SFS-EN 10216-4, 2005; Shishkov, 2002; Solntsev et al., 2008)
Steel
Yield
Charpy
Elo Weldabili Application
designati strengt
impact
ngat ty/corrosi
s
on
h,
energy at ion,
on
MPa
T -60˚C
%
resistance
18Г2Ф
440
34
19
+- / Welded
structures
without
heavy loads
40ХН
800
61
11+- / Heavy
(Q&T)
16
loads
30ХН2
1040
160
23
+- / +
Critical
МФА
parts
10ХСН
530
29
19
+ / + (air) Shipbuildin
Д
g
15ХСН
490
29
21
+/+
Structure
Д
with weight
limitations
11MnNi
285
40
24
+- /
General
5-3
pipelines
12Ni14
345
40
21
+- /
X10Ni9

510

40

19

+- /

X12Ni5

390

40

21

+- /

S500QL
1
S890QL

500

30

17

890

30

11

FW

235

40

22

+/

F32W

315

50

22

+/

F36W

355

50

21

+/

F40W

390

50

20

+/

F460W

460

80

19

+/

F500W

500

80

18

+/

F620W

620

80

F690W

690

80

+/

F500War

500

80*

+/

620

80*

+/

690

80*

+/

Stainless steels
Stainless steels have extremely good corrosion resistance, as an
oxide film covers the entire surface of the steel part. They are classified
by their predominant crystal phase as austenitic, duplex, martensitic
and ferritic. This wide range of stainless steel types makes the
toughness of steels vary greatly. Classification societies have stipulated
different regulations for stainless steels, but none has certified a ferritic
or martensitic stainless steel for use in supporting structures, because
these stainless steels would not be tough enough at –40°C (Sieurin et
al., 2006). Therefore these types of stainless steels are not covered in
the paper.
There are no standards in Europe that determine stainless steels for
offshore structural use. Therefore, stainless steels are not often used for
primary structures in offshore construction: however, they are widely
employed in pipelines for gas and oil in the Arctic region as well as
other applications, such as cargo tanks, storage tanks, shafts and
pressure vessels (Nallikari et al., 2012).
Austenitic stainless steels are sometimes used for Arctic
environments, but usually they can be replaced by less expensive
materials. These steels are perfectly suitable for the whole range of low
temperatures encountered in the Arctic region, as they must undergo
testing only if operation temperatures are below -105°C (BV, 2011;
GL, 2009; IACS, 2011; LR, 2008; PRS, 2012; RINA, 2012).
The standard SFS-EN 10216-5 determines stainless steel grades
with mechanical properties for piping. The impact energy demands are:
• Austenitic grades: usually 60 joules at –196°C (transverse)
• Austenitic-ferritic grades: usually 40 joules at –40°C (transverse)
(SFS-EN ISO 10216-5, 2005)
Standardized austenitic stainless steels for pipelines, inland
structural use and possible use for offshore applications are listed in
Table 2. Some grades do not need special corrosion protection even in
the presence of seawater.

General
structures
Offshore
fixed
applications
, offshore
vessels,
shipbuildin
g, offshore
platforms

+/

c40

F620War
c40
ar

F690W
c40

* plate thickness 10-50 mm.
Russian steels for Arctic conditions have various yield strengths
depending on their chemical composition (Gorynin et al., 2009a;
Gorynin et al., 2009b; Gorynin et al., 2007; Malyshevskii et al., 2001;
Rybin et al., 2006; Schastlivtsev et al., 2010):
Manganese based steels with a yield strength from 235 MPa to 690
MPa; manganese-nickel based steels with a yield strength of 355 MPa,
390 MPa and 460 MPa; and chrome-nickel-molybdenum based steels
with a yield strength of 500 MPa, 620 MPa and 690 MPa.
These steels are also classified based on their lowest service
temperature as follows.

Table 2. Austenitic stainless steels standardized for structures and pipes
(SFS-EN 1993-1-4, 2006; Solntsev et al., 2008)
Steel
Rp0.2
Charpy
Thick
Applications
designation
,
impact
ness,
MPa
energy
mm
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X5CrNi1810/1.4301/30
4

210

X2CrNiMo1
7-122/1.4404/316
L
12Х18Н10Т/
1.4541/X10C
rNiTi18-10

220

196

100 J at
20°C /L
60 J at 196°C /T
100 J at
20°C /L
60 J at 196°C /T
100 J at
20°C /L

t≤75
t≤50

General structures,
pipelines, pressure
vessels, offshore

t≤75
t≤50

General structures,
pipelines, pressure
vessels, offshore

t≤60

Welded
constructions with
moderate corrosion
resistance

experimental use. These experimental austenitic steels have higher
strength than traditional alloys and greater total elongation. These facecentered cubic structured steels exhibit other interesting properties: for
example, they do not have an exact transition temperature and their
impact toughness gradually decreases with decreasing temperature but
the fracture mode is not brittle even at –196°C (Milititsky et al., 2008).
Some austenitic-ferritic stainless steels are already have commercial
applications, for example 22Cr–10Mn–0.35N (Wang et al., 1998) and
18Cr–6Mn–1Mo–0.2N (Toor et al., 2008), but their toughness is
insufficient. A rather new commercial low-alloyed austenitic-ferritic
steel, LDX 2101, has good low-temperature properties also in welded
condition: for example, CVN of about 40 joules at –50°C (Sieurin et
al., 2006). The new, molybdenum alloyed LDX 2404 has been recently
developed (Canderyd et al., 2011). 19Cr and 22Cr new nickel-free
austenitic-ferritic stainless steels (Table 4) have been examined and
have been found to have good low-temperature properties (Jiang at al.,
2012; Li et al., 2012).

For austenitic stainless steels, the main target of development in
recent years has been to reduce the nickel content and therefore make
these steels more affordable. The same aim is being pursued for
austenitic-ferritic stainless steels. For both groups, research has also
targeted developments to improve their main feature, namely corrosion
resistance. Stainless steels with reduced nickel content will be
discussed below.
Duplex steels are becoming available for use in offshore structures.
Because of the presence of ferrite, these steels always have a transition
temperature, usually between room temperature and –50°C. Some
grades have been standardized for pipelines and structural use and are
listed in Table 3. However, other grades of duplex stainless steels have
to be used with caution, as recommended temperatures only go down to
-20°C and testing has to be done at that temperature, or in some cases
even at 0°C (BV, 2011; GL, 2009; IACS, 2011; LR, 2008; PRS, 2012;
RINA, 2012). Many other grades have been developed recently and are
not yet standardized.

Table 4. Mechanical properties of new austenitic-ferritic stainless steels
(Jiang et al., 2012)
Steel
Yield
Tensile
Total
Charpy impact
designation
strength,
strength, elongat
energy
MPa
MPa
ion, %
S1905
490
880
51
65 J at -40°C

Table 3. Duplex stainless steels for offshore structures and pipelines
(SFS-EN 10088-4, 2009)
Applications
Steel designation
Rp0.2 Charpy Thic
,
impact knes
MPa energy
s,
mm
X2CrNiMoN22-5450
40 J at
t≤30 General structures,
3/1.4462/S31803
-40°C
pipelines, offshore
/T
structures, other
X2CrNiMoCuN25
500
40 J at
t≤30 Pipelines
-6-40°C
(including
3/1.4507/S32550
/T
offshore), offshore
structures, other
X2CrNiMoN25-7550
40 J at
t≤30 Pipelines
4/1.4410/S32750
-40°C
(including
/T
offshore), offshore
structures, other

S1913

430

738

53

S1920

403

690

56

132 J at -40°C
35 J at -40°C

22Cr-0.5Ni

505

770

42

37 J at -40°C

22Cr-1.3Ni

500

745

37

53 J at -40°C

22Cr-2.0Ni

490

760

37

180 J at -40°C

These new grades were compared to AISI 304 during examination
of their corrosion resistance, and all of them have at least as good
corrosion resistance as AISI 304.The mechanical properties are listed in
Table 4. All the grades are reported to have lower production costs than
the grade AISI 304, mainly due to their low nickel content. Based on
these findings, these materials have potential for use in Arctic offshore
structures.
Recent decade the share of supermartencitics, particularly 13% Cr
stainless steels in offshore is growing. The main reason is that these
steels are cheaper comparing to alternative duplex grades.
Supermatensitics are weldable thanks to low carbon content and
possess reasonable corrosion resistance. One example of such steel can
be 12Cr-6.5Ni-2.5Mo.

Aluminium
After steels, aluminium is the most commonly used metal in lowtemperature applications. Aluminium has certain advantages regarding
use in offshore structures. As a face-centred metal, aluminium does not
have a specific transition temperature; therefore, it does not
demonstrate brittle fracture behavior even at cryogenic temperatures.
Aluminium has relatively good corrosion resistance in comparison to
structural steel, and some grades are suitable for use in sea water. The
tensile strength of alloyed aluminium may exceed 500 MPa (Solntsev
et al., 2008) with a density of just 2.85 g/cm3. This fact, along with its
light weight, makes aluminium a good choice for ship hulls and
offshore structures. However, some properties of aluminium and
aluminium alloys limit its use: aluminium has low hardness of about
20–50 HBW, the Young’s modulus is rather small, about 70 GPa, and
weldability especially with high heat input welding techniques, is poor.
Aluminium and its alloys are usually divided into groups according

For the grade 1.4462 some classification societies demand that the
minimum 0.2 % yield strength is 470 MPa and for all grades, transverse
CVN test values are only 27 joules at temperature –20°C, which means
that the demand is below the material standard (SFS-EN 10088-4,
2009).
The high cost of nickel has boosted the development of steels with
low nickel content, as for example austenitic-ferritic stainless steels are
traditionally expensive alloys due to their rather high nickel content.
Nickel is usually replaced with manganese, and a rather high carbon
and nitrogen content purposely holds the crystal structure austenitic
even at low temperatures. Consequently, cost-efficient austeniticferritic stainless steels with high mechanical properties and corrosion
resistance, containing manganese and nitrogen instead of nickel, are
being developed (Li et al., 2012).
These alloys are not yet commercial, but were cast only for
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to the major alloy elements. Only two series, 5xxx (magnesium) and
6xxx (magnesium and silicon) with different tempers are classified for
offshore use, due to their sufficient corrosion resistance in seawater
(Solntsev et al., 2008). Table 5 lists aluminium alloys that can be used
in offshore applications according to SFS-EN and NORSOK standards
and according to classification societies. All grades cover thicknesses
from 3 to 50 mm.

(SFS EN 485-2, 2009)
Alloy
grade
and
temper
EN
AW5083

Table 5. Default standardized and classified European and Russian
aluminium alloys and their tempers for offshore use (GOST 4784-97,
2012; ISO 209-1, 2007; NORSOK M-121, 1997; SFS-EN 13195, 2009)
Alloy
Approved tempers
Allo Alloy
designation
ying characteri
elem stic
Europ Russi
ents
ean
an
(EN(GOS
AW)
T)
5052
O, H111, H112, H32, H34, AlAlloys
H11, H12, H22, H24
Mg
with
moderate
5056
АМг
strength
5
and high
5083
O, H111, H112, H116,
plasticity,
H22, H24, H26, H321,
weldable,
H32, H34
good
5086
O, H111, H112, H116,
corrosion
H321, H32
resistance
5383
O, H111, H112, H116,
H321, H32
5454
O, H111, H112, H321,
H32, H34, H11, H12, H22,
H24, H26
5754
АМг
O, H111, H112, H116,
3
H321, H32, H34
6005
T4, T5, T6
AlAlloys of
A
Mg- moderate
Si
strength
6061
АД31 T4, T5, T6
and high
6063
АД33 T4, T5, T6, T66
plasticity,
6082
АД35 O, T4, T5, T6, T651
weldable
6151
АВ
-

EN
AW6082

O
H111
H112
H116
H321
H22
H32
H24
H34
H26
O
T4
T5
T6
T651

Rp0,2,
MPa (min)
115
115
125
215
215
215
215
250
250
280
85
110
230
255
255

Tensile
strength,
MPa
270-345
270-345
275
305
305
305-380
305-380
340-400
340-400
360-420
150
205
270
300
300

Total
elongation, %
15
15
10
10
10
9
9
7
7
3
17
14
8
9
9

Different temper conditions mean that the properties are achieved by
different treatments, and even if the mechanical properties are similar,
other properties may vary, for example, cold forming or weldability.
Al-Mg alloys have good formability and can be heat-treated. They
have reasonable corrosion resistance, along with good weldability.
АМг2 and АМг3 are used for lightly loaded welded structures in a
corrosive environment at a temperature range of -250°C - +150°C.
Alloys АМг4, АМг5 and АМг6 have better tensile strength, as the
magnesium content is higher. They can also be used for welded
structures and pipelines. The alloy АМг61 is widely used in the
shipbuilding industry. The mechanical properties of Al-Mg alloys for a
2 mm sheet after heat treatment are listed in Table 7.
Table 7. Mechanical properties of Al-Mg alloys (Solntsev et al., 2008)
CharpyTensile
Yield
Total
Alloy
strength,
elongation U
designatio strength,
,%
impact
MPa
n
MPa
energy
20°
-70
20
-70
20
-70
at 20°C,
C
°C
°C
°C
°C
°C
J/cm2
АМг2
190
200
100
23
40
АМг3
230
230
120
95
23
29
40
АМг5
300
310
150
160
20
24
30
АМг6
340
350
170
19
26
30

The compositions listed in Table 5 show a good combination of
strength, plasticity, weldability and corrosion resistance. The
aluminium and magnesium alloy АМг5 (5056) is the most commonly
used alloy.
The most important tempers are:
• T4: solution heat-treated and naturally aged
• T6: solution heat-treated and then artificially aged
• H111: annealed and slightly strain-hardened during subsequent
operations such as stretching or levelling
• H112: slightly strain-hardened from working at an elevated
temperature or from a limited amount of cold work (mechanical
property limits specified)
• H32: strain-hardened and stabilized – 1/4 hard (SFS-EN 515,
1993)
Grades EN AW-5083 and EN AW-6082 are recommended, if
aluminium is chosen for non-redundant structures. Some classification
societies do not specify a minimum service or design temperature for
aluminium and its alloys or it is very low, below –200°C. The
mechanical properties of recommended alloys and their tempers are
listed in Table 6. The example thickness for the grade EN AW-5083 is
20 mm and for EN AW-6082 it is 10 mm.

Al-Mg-Si alloys are heat-treatable alloys with a set of useful
properties such as good corrosion resistance and high plasticity. These
alloys can also be easily enamelled and coloured. These alloys are
similar to the 6000 series and called aluminium extrusion alloys. The
mechanical properties of these alloys are shown in Table 8.
Table 8. Mechanical properties of Al-Mg-Si alloys (Solntsev et al.,
2008)

Table 6. Mechanical properties for aluminium alloys used in offshore
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Alloy
designati
on

Plate
thickness,
mm

Tensile
strength,
MPa
20° -70
C
°C

Yield
strength,
MPa
20
-70
°C
°C

Total
elongation,
%
20
-70
°C
°C

АД33

2

300

250

15

330

270

16

АД35
АВ

20

300

310

250

250

12

10

250

-

160

-

23

-

completed in 2004. Designed for year-round drilling of oil by vertical
and horizontal methods, Prirazlomnaya will be placed in the Pechora
Sea at a distance of about 60 km from the shore. Fig. 6 a shows the
almost finished platform under construction. To reduce the cost of
construction, a block solution is used in which the modules are
assembled from sections and the sections combined to superblocks. The
bottom base was manufactured in Severodvinsk and the top was made
from the Norwegian platform Hutton, which worked in the North Sea
oil fields for 12 years.

The АД33 alloy is used for parts with normal tensile strength, up to
270 MPa. This alloy has good corrosion resistance in air and seawater,
which permits its use in shipbuilding. The alloy АД35 has similar
properties and applications.

FUTURE TRENDS OF MATERIAL DEVELOPMENT
Current large-scale development of Arctic shelf oil and gas reserves
may play a significant role in defining the direction of the shipbuilding
industry in the next decade. Some major trends in modern cold-resistant
materials development can be ascertained from the various small
improvements and research interests (Gorynin et al., 2007).
The first trend is introduction of structural steels with an ultra-fine
grained structure (Gorynin et al., 2008; Gorynin et al., 2010;
Oryshchenko et al., 2011; Rybin et al., 2009). This approach is
providing an increase in both cold-resistant properties and strength
properties for almost all non-alloyed steels. For large casted parts, it is
possible to create a nanostructure on micro and meso levels. The
properties of the material are determined by the type and characteristics
of the structure that is formed as a result of the complex multistage
thermoplastic processing. The subsequential microatomization of the
structure down to the nanolevel has resulted in outstanding properties
with low-alloy structural steel. The initial casting billet can be obtained
by the controlled crystallization method. The final steel long product
can be produced by various thermal deformation modes and precision
processing.
A second important trend is creation of new steel grades, including
high-strength and nanostructured steels, with improved weldability and
other useful properties. However, it is important that legislation and
standards are commensurate with changing realities. Currently, there is
a lack of standards for Arctic materials, especially as regards testing
method requirements and reliability. Standards play a highly prominent
role in the development of new materials, because in order to introduce
a new grade to the market, all relevant regulations have to be met.
Another potential area of Arctic materials development might be the
creation of special structural functional clad steels. This approach
enables significant changes in the operational characteristics of
materials, due to its ability to address special needs, like corrosion
resistance, wear resistance and additional surface strength. The most
economical method of creating these kinds of materials is to apply a
surface layer to the base material.
Improvements in the steel manufacturing process will also most
likely occur in the near future and will lead to further quality
improvements and lower manufacturing costs. Clearly, the welding and
joining processes of nanostructured steels also need further
development.

Fig. 6 a - Prirazlomnaya offshore platform (Thomas, 2012), b - CS50
platform for MOSS (Moss Maritime, 2008), c - Arkticheskaya offshore
platform (Offshore platform Arcticheskaya, 2012)
About 38 000 tons of cold-resistant steel of the grades E36СВ,
Е36W, Е40W, and F40W were used for the important elements of the
platform, with plate thicknesses ranging from 15 to 45 mm. The new
grades of steel showed good performance with all manufacturing
methods, including welding. The new grades meet the strict
requirements for operating temperature and corrosive seawater.
resistance. Steels were manufactured by Severstal (Severstal catalog of
the production, 2012) based on new specifications (TU 5.961.116792005) developed by Prometey during the project METAL in 2006
(Gorynin et al., 2007).
The caisson is a steel base which serves as a support for the
topsides, which include equipment and facilities for oil extraction and
refining. It is square shaped with sloping sides and chamfered corners.
At the bottom, its dimensions are 126 × 126 m. From a structural
perspective, the caisson is divided into 16 sections of transverse and
longitudinal cofferdams. These sections form storage tanks for crude
oil with a nominal capacity of 136 000 m3, sea boxes and wellhead
areas. For corrosion protection, the bottom part of the caisson in the
impact zone of ice is made from stainless steel with a clad layer. The
topsides have facilities for drilling wells, operating, preparation and
shipment of crude oil, as well as for personnel placement.
Sevmash Production Association built the CS50 offshore platform
for Moss Arctic Productions. The platform has an upper deck that is
capable of carrying topside construction weighing 20 000 tons and is
adapted for the installation of dynamic positioning systems, as well as
an anchor positioning stabilization system or a combined stabilization
system. Depending on the installed equipment, the platform CS50 can
be used at depths from 80 to 2 500 metres. More than 2 500 tons of
steel plates of F36W with thicknesses of 35-60 mm and more than 6
000 tons of steel plates of E36W with thicknesses less than 60 mm
were utilized in construction of this platform. The offshore platform is
shown in Fig. 6 b. The multipurpose platform Moss CS50 is the 6th

RECENT OFFSHORE PROJECTS
The following section introduces a number of recent Arctic offshore
projects to illustrate the complexities of the field and practical
applications of the metals discussed. It should be note that most of the
information regarding selection of steel grades for offshore platform is
not freely available, therefore this section presents limited data.
Development of the ice-resistant drilling platform Prirazlomnaya
started in 1997 and the complex was designed for oil production on the
shelf of the Arctic sea. The ice-resistant drilling platform with a weight
of about 85 000 tons and height of about one hundred meters, was
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generation of semi-submersible platforms, designed by Moss Maritime.
The catamaran type platform is placed on two pontoons and the body is
supported by six stabilizing columns. Depending on the purpose, the
platform can be equipped with equipment for extractive, drilling, crane
and living facilities (Moss Maritime, 2008).
Arkticheskaya is designed for exploration and development drilling
on the continental shelf of Arctic seas up to a depth of 6 500 m, with
water depths of 10 - 30 metres. The rig has a water displacement of 16
350 kg and it stands on three cylindrical pillars with a diameter of 6 m
and height of 72 m with three toothed racks each. Russian steel plates
of grades D500W, E500W and F500W and thickness of 20-50 mm
were used for the major components of the platform. The rig is shown
in Fig. 6 c. The steels were manufactured by Severstal, based on the
new specifications (TU 5.961.11679-2005) developed by Prometey
during the project Metal in 2006 (Gorynin et al., 2007). The fore part
contains the residential complex and helicopter landing pad. The
drilling unit is located on the sliding console at the rear of the unit. The
size of the platform is 88 × 66 m and the total weight is 14 800 tons.
The general designer of the rig is CDB Coral, Ukraine. Based on the
Sea Register of Shipping, the Russian platform belongs to the jack-up
class (RS, 2012).

CONCLUSIONS
The importance of the Arctic is evident since it holds about 15% of
world oil reserves. At present, there are only few offshore platforms
installed in the Arctic region, but more projects are being planned.
Specific climatic characteristics have to be considered in industrial
development of the Arctic. The most prominent factor that affects
material behavior is the low temperatures encountered in the region.
During the winter season, temperatures in the Russian part of the Arctic
may drop as low as -60˚C. Such intermittent extremely low
temperatures are, however, not as harmful for steels as the prolonged
periods of moderately low temperatures that prevail in the Arctic. Such
conditions result in brittle fracture behavior of steels. In addition,
Arctic ecosystems are extremely fragile, which greatly increases the
reliability requirements of Arctic offshore platforms.
Different parts of oil platforms experience different environmental
conditions and thus materials for offshore structures have to meet a
variety of requirements. For example, upper deck metal may be
subjected to temperatures as low as -60˚C, while the supporting legs are
only in -2˚C underwater but are confronted with a harsh corrosive
environment and biofouling. These usage conditions should be
examined closely when materials are being selected.
Carbon high-strength steels are the main focus of this paper, as
high-strength steels offer an attractive combination of low
weight/strength ratio and low overall cost. However, in most cases the
current standards do not include steels with a yield strength greater than
500 MPa, which therefore limits their use in offshore applications.
Stainless steels are not often used as a material for primary
structures in offshore construction, even though they are widely
employed in gas and oil pipelines in the Arctic region. This paper
reviews different grades of austenitic, martensitic and duplex steels.
Classification societies have different regulations for stainless steels,
but none of them has certified ferritic or martensitic stainless steels for
use in supporting structures. Duplex steels are being developed for use
in offshore structures.
Aluminium does not have a specific transition temperature, and
therefore, it remains ductile even at cryogenic temperatures. The most
commonly used aluminium alloys for low-temperature applications
include magnesium as the main alloying agent. This composition shows
a good combination of strength, plasticity, weldability and corrosion
resistance. An increase in the magnesium content leads to improved
strength, but alloys usually do not include more than 7% magnesium.

Several tempers of EN AW-5083 and EN AW-6082 are recommended
for use for offshore structures.
The paper provides a brief overview of important Arctic offshore
projects, including the platforms Prirazlomnaya, MOSS and
Arcticheskaya. The offshore platforms installed in the Russian Arctic
region have faced severe challenges from the harsh climate, as the
conditions are even more extreme than those in the Canadian Arctic.
Some trends of low-temperature materials development can be
identified. The first trend to create better Arctic materials is the
introduction of structural steels with an ultra-fine grained structure. A
second important trend is creation of new steel grades, including highstrength and nanostructured steels with improved weldability and other
useful properties. Another potential area of Arctic materials
development might be the creation of special structural functional clad
steels. Finally, it may be possible to improve steel manufacturing
processes in order to raise the quality and lower the costs.
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