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This thesis is part of the Arctic Materials Technologies Development –project, which 

aims to research and develop manufacturing techniques, especially welding, for Arctic 

areas. The main target of this paper is to clarify what kind of European metallic 

materials are used, or can be used, in Arctic. These materials include mainly carbon 

steels but also stainless steels and aluminium and its alloys. Standardized materials, 

their properties and also some recent developments are being introduced.  

 

Based on this thesis it can be said that carbon steels (shipbuilding and pipeline steels) 

have been developed based on needs of industry and steels exist, which can be used in 

Arctic areas. Still, these steels cannot be fully benefited, because rules and standards are 

under development. Also understanding of fracture behavior of new ultra high strength 

steels is not yet good enough, which means that research methods (destructive and non-

destructive methods) need to be developed too. The most of new nickel-free austenitic 

and austenitic-ferritic stainless steels can be used in cold environment. Ferritic and 

martensitic stainless steels are being developed for better weldability and these steels 

are mainly developed in nuclear industry. Aluminium alloys are well suitable for 

subzero environment and these days high strength aluminium alloys are available also 

as thick sheets. Nanotechnology makes it possible to manufacture steels, stainless steels 

and aluminium alloys with even higher strength. Joining techniques needs to be 

developed and examined properly to achieve economical and safe way to join these 

modern alloys.  
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Tämä opinnäytetyö on osa Arctic Materials Technologies Development –projektia, 

jonka tavoitteena on tutkia ja kehittää arktisten alueiden rakentamista ja rakentamiseen 

liittyviä valmistusmenetelmiä, erityisesti hitsausta. Työn varsinainen tavoite oli tehdä 

alustava selvitys eurooppalaisista standardoituista metallisista materiaaleista, joita 

käytetään tai joita voidaan käyttää arktisilla alueilla. Pääosassa olivat erilaiset 

hiiliteräkset, ruostumattomat teräkset ja alumiini ja sen seokset. Työssä käsitellään 

standardoiduja materiaaleja sekä osaltaan käydään läpi eri materiaaliryhmien 

ominaisuuksia ja esitellään muutamia viimeaikaisia kehitysaskelia. 

Tämän selvityksen perusteella hiiliteräksiä (laivanrakennusteräkset, putkiteräkset) on 

kehitetty hyvin vastaamaan nykyisen teollisuuden tarpeisiin, jopa arktisen alueen 

rakentamisessa. Näitä teräksiä ei pystytä vielä täysin hyödyntämään, koska 

suunnittelustandardit ovat vielä kehitteillä. Myös ymmärrys ultralujien terästen 

murtumiskäyttäymisestä on osoittautunut osaltaan puutteelliseksi, joten tulevaisuudessa 

aineenkoetusmenetelmien kehittäminen on erittäin tärkeässä osassa. Austeniittisten ja 

austeniittis-ferriittisten ruostumattomien terästen osalta kehitys kulkee nikkelivapaiden 

laatujen suuntaan, joista suurin osa soveltuu kylmään ympäristöön erinomaisesti. 

Ferriittisiä ja martensiittisia ruostumattomia teräksiä kehitetään paremmin hitsattavaksi, 

mutta niiden kehitysympäristö on vahvasti keskittynyt ydinvoimateollisuuteen. 

Alumiiniseokset soveltuvat hyvin kylmiin olosuhteisiin ja nykyään on saatavilla 

erityisen lujia seoksia myös paksuina levyinä. Nanoteknologia mahdollistaa yhä 

lujempien teräs- ja muiden metallilaatujen valmistamisen, mutta tälläisten laatujen 

liittäminen taloudellisesti ja turvallisesti vaatii vielä paljon tutkimustyötä.  
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SYMBOLS AND ABBREVIATIONS 

 

°C Celsius 

A elongation, % 

A50 mm elongation, % (length of test piece in beginning of the test 50 millimeters) 

AA aluminium alloy 

ABS American Bureau of Shipping 

Al aluminium 

B boron 

BV Bureau Veritas 

C carbon 

Ca calsium 

CCS China classification society 

CEN European committee for standardization 

Ceq carbon equivalent 

ClassNK Nippon Kaiji Kuokai 

Cr chrome 

CTOA crack tip opening angle 

CTOD crack tip opening displacement 

Cu copper 

CVN Charpy V-notch 

DBTT ductile-to-brittle transition temperature 

DNV Det Norske Veritas 

DRRA dual- retrogression and reaging 

DWTT drop-weight tear test 

EN European standard 

FATT50 fracture appearance transition temperature, 50 % brittle fracture 

FDD freezing degree days 

GL Germanischer Lloyd 

GPa gigapascal (10
3
 newtons/mm

2
) 

H2S hydrogen sulfide 

HBW Brinell hardness, measured with wolfram indenter 

HLA high-temperature and subsequent low-temperature aging 

IACS International Association of Classification Societies 

IRS Indian register of shipping 

ISO international organization for standardization 

ISO/TC technical committee of international organization for standardization 

J joule 

t/m
3
 tons per cubic meter 

KRS Korean register of shipping 



 

 

Kv Charpy-V notch absorbed energy value in joules 

KVL longitudinal Charpy-V impact energy 

KVT transverse Charpy-V impact energy 

LAST lowest anticipated service temperature 

LR Lloyd’s Register of Shipping 

Mn manganese 

Mo molybdenum 

MPa megapascal (1 newton/mm
2
) 

MRS maritime register of shipping 

N nitrogen 

Nb niobium 

Ni nickel 

NORSOK Norwegian standards for petroleum industry 

P phosphorus 

Pcm cold crack susceptibility 

PRE pitting resistance equivalent 

PRS Polski Rejestr Statkow 

ReH yield strength 

RINA Registro Italiano Navale 

Rm tensile strength 

Rp0,2 the stress which gives permanent deformation of 0,2 % 

RRA retrogression and reaging 

S sulphure 

SC subcommittee of technical committee 

SFS Finnish standard association 

Si silicon 

SMSS super martensitic stainless steel 

t thickness 

T27 temperature, in which steel absorbs 27 joules in Charpy-V notch test 

T68  temperature, in which steel absorbs 68 joules in Charpy-V notch test 

TD design temperature 

Ti titanium 

TT test temperature 

ULCB ultra low carbon bainitic alloy 

USE upper shelf energy 

V vanadium 

Z through thickness direction 
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1 INTRODUCTION 

This Master’s Thesis is part of an Arctic Materials Technologies Development –project, 

which concerns South-East Finland-Russia ENPI CBC programme 2007-2013               

–program. There are two sides in this project: Lappeenranta University of technology 

(LUT) from Lappeenranta, Finland and Central Research Institute of Structural 

Materials (PROMETEY / ПРОМЕТЕЙ) which is located in Saint Petersburg, Russia. 

There are enormous natural resources located in Planets Arctic areas, for example oil, 

minerals, natural gas and very good opportunities for wind power. Therefore serious 

interest towards those areas exists. Climate change and dependence on oil and gas has 

driven general situation to state, where exploiting those resources and other 

opportunities has became much more important. 

The main target of the project is to determine fundamentals for safe and ecological 

planning and manufacturing of structures and applications used in power production in 

Arctic areas. Main goal is separated to smaller objectives, which are based on new 

information about welded structures in Arctic environment. Virtually these structures 

include oil platforms, icebreakers and other vessels, oil and gas piping and also 

windmills.  

It is more strict, precise and careful to plan and manufacture structures to Arctic areas 

than those which are used in warm inland. Continuous wind, ice and waves make load 

profiles almost always dynamic, temperatures are usually really low, sea water can 

cause serious conditions for corrosion and casual icebergs and ice rafts might cause 

unpredictable loads. Onshore applications have their own problems: for example in 

pipelines there have been severe problems with frost in the ground. That is why there 

are strict requirements for materials used in these areas. Even small accident in Arctic 

area might lead to serious consequences to humans as well as to the nature. Currently 

weldable normal or high strength steels, which are certified by different classification 

societies and also national and international standards, are used in applications for these 

areas. 

There exist some problems when ferritic steels are used in cold environment: they have 

always transition temperature which virtually means that they are brittle below certain 
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temperature. Toughness in supporting structures is desirable character; in fact it is 

usually obligatory in standards and norms. Toughness (including impact toughness, 

fracture toughness, crack arrest toughness) can be measured by different ways, for 

example Charpy impact test, crack tip opening displacement test and crack tip opening 

angle test. These test methods are introduced briefly in this work. 

For example in general supporting structures in Europe the energy absorption in 

Charpy-V notch impact test cannot be lower than 27 joules for full size test piece at 

appointed temperature, for example –20 °C (SFS-EN 1993-1-1, 2005, p.6–8). This 

impact strength is usually reached in normal structural steels also in welded condition, 

as low temperatures as –40 °C. Toughness at lower temperatures, for example –60 °C or 

below, might become problem for these steels. When structures are planned and 

constructed to Arctic areas, one problem is usually linked to material selection. Reason 

for that is because there is not much documented knowledge concerning structures used 

in this kind of environment and exact standards for Arctic environment are under 

preparation (ISO 19906, 2010, p.331; Smith, 2010, p.3). 

In addition it is to be remembered that even if properties of materials are suitable for 

Arctic environment in delivery condition, they might change during manufacturing. 

This kind of changes can be caused by, for example welding, thermal cutting and cold 

forming. Variations in properties during or after manufacturing can be serious 

disadvantage to usability of particular material. 

1.1 APPROACH AND GOAL SETTING 

This report examines metals and metal groups which are classified in European 

standards and norms. These include different types of EN standards and also ISO 

standards. ISO standards are international, but they are valid in most European 

countries. Classified materials for offshore use are being examined through eight most 

important classification societies in Europe; Bureau Veritas (BV), Det Norske Veritas 

(DNV), Germanischer Lloyd (GL), Lloyd’s Register (LR), Polski Rejestr Statkow 

(PRS), Registro Italiano Navale (RINA) and International Association of Classification 

Societies (IACS).  
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Also new, not yet standardized or classified, potential metallic materials for Arctic 

environment are being examined. Another master’s thesis (author: Pavel Layus), 

included in the same main program, is focused on Russian metals and metal groups. 

There are information about current norms and standards in both studies. 

Different kind of carbon steels, stainless steels and aluminium and its alloys are chosen 

to be studied in this report. In addition, opportunities of nanotechnology for traditional 

materials are examined. Welding is the most important joining method for pipelines and 

offshore application, but weldability of chosen materials is not examined in this thesis. 

The main goal of this study is to clarify available and valid materials, which are 

standardized and classified in Europe and are used in Arctic areas. Also existence of 

modern potential no-standardized materials for Arctic environment is to be examined. 

This study does not include any practical research, but functions as preliminary study 

for Arctic Materials Technologies Development -project. This thesis together with 

another material study acts as guide for the continuum of the main program. 

1.2 STANDARDS AND CLASSIFICATIONS SOCIETIES 

Large amount of standards and classification societies are examined and cited in this 

thesis. Next chapters introduce the main organizations for standardization and some 

classification societies and how they are linked to each other. 

SFS means Finnish Standards Association and it is the central standardization 

organization in Finland. For example government of Finland and corporations of 

economical life are members of this organization. SFS is a member of international 

standardization organization ISO (International Organization for Standardization) and 

European standardization organization CEN (European Committee for Standardization). 

Almost all SFS-standards are based on European (EN) or international (ISO) standards. 

(Suomen Standardisoimisliitto SFS ry, 2012) Other national standards, which are cited 

in this thesis, are NORSOK-standards. They are Norwegian standards developed by 

Norwegian petroleum industry. (Standards Norway, 2012) 

CEN denotes for European Committee for Standardization. It is the major provider of 

European standards and technical specifications. CEN has 32 national members, which 
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work together to develop voluntary European Standards, ENs. All published EN-

standards are also national standards in each of its 32 member countries. CEN has 

mutual agreement with ISO, which ensures technical cooperation. Many EN standards 

are prepared in cooperation with ISO. (European Committee for Standardization, 2012) 

ISO is the largest developer and publisher of international standards. ISO has 163 

member countries and it is non-governmental organization. ISO is divided in different 

technical committees and subcommittees, which contain participants from different 

countries. ISO has a great number of different kinds of technical committees and one of 

them is focused on materials, equipment and offshore structures for petroleum, 

petrochemical and natural gas industries. This technical committee founded a 

subcommittee for Arctic operations in the year 2011. (International Organization for 

Standardization, 2012) 

Offshore industry is heavily regulated by different classification societies. These 

societies are for example Bureau Veritas, Det Norske Veritas and Germanischer Lloyd. 

Large part of these societies is member of International Association of Classification 

Societies (IACS), which unites and regulates guidance and rules of its members. The 

members of IACS class over 90 percent of all commercial tonnage involved in 

international trade worldwide. Rules and guidance of these societies are usually based 

on international or national standards, but there are also exceptions. Classification 

societies monitor that all vessels, ice breakers, oil rigs and so on are built safely and 

according to valid regulations, laws and rules. This approves maritime safety and 

pollution prevention. (International Association of Classification Societies Ltd., 2012) 
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2 MATERIAL PROPERTIES FOR ARCTIC ENVIRONMENT 

In this section focus will be on what kind of demands there are for materials, when they 

have to serve in different kind of applications and structures in Arctic area. Also testing 

methods, how to measure these properties, are being introduced.  

Maybe the most important character for materials used in cold environment, especially 

for carbon steels, is the toughness. Toughness is wide concept and in this thesis it 

involves the impact toughness, fracture toughness and also crack arrest toughness. 

These properties are measured with different methods, but there are also some 

connections between each other. Measuring methods for these properties are introduced 

briefly further. 

Structural materials for Arctic environment have to be chosen carefully, because it is not 

easy to get emergency help to these areas if an accident occurs and this harsh 

environment is also very vulnerable for pollutions compared to warm inland areas (ISO 

19906, 2010, p.14). 

2.1 ARCTIC CONDITIONS 

As was mentioned in the introduction, Arctic environment offers really harsh conditions 

for humans and also for materials. Depending upon the location the daylight time can 

vary from none in winter period to 24 hours in summer period which complicates 

general actions of man. Arctic area is related often to temperature: average temperature 

of the warmest month is below +10 °C (figure 1). Usually in winter air temperature 

drops below –40 °C and even below –60 °C is possible. (Serreze & Barry, 2005, p.18) 

In addition for subzero temperatures, wind makes the weather even colder and more 

hazardous to humans. The average wind speed in Arctic is from 4 to 6 meters per 

second and it does not usually exceed 25 meters per second. In few areas of Atlantic 

region, the wind speed in cyclones can approach or even exceed 50 meters per second. 

(Przybylak, 2003, p.25) 

In offshore there are many factors which have to be taken into consideration besides 

temperature, wind and daylight anticipated. To mention couple, some Arctic areas are 

situated in seismic active zones, snow and ice from atmosphere and from sea sprays can 
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be gathered to the structures (thickness up to 1000 mm, density about 900 kg/m
3
), 

salinity of the sea (mean salinity 35 ‰) and marine growth creates conditions for severe 

corrosion, sea ice and ice bergs causes different kinds of actions, for example 

continuous pressure or different kinds of dynamic loads. (ISO 19906, 2010, pp.14–

18,115,199,229) 

 

Nature sets up the base criterions for the materials. In table 1 is listed some 

environmental information about few important Arctic areas. It can be seen from this 

information how harsh the environment can be in these areas. The lowest temperature of 

the Arctic region has been –67,8 °C in Verkhoyansk, Siberia. In the same place 

temperature in summer has been almost 40 °C. (National Geographic, 2012) 

 

Figure 1. Arctic border according to average 

temperature. (Adapted from The University of 

Texas at Austin, 2012) 
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Table 1. Environmental information about few important Arctic areas. (ISO 19906, 

2010, p.331–443) 

 Baffin Bay 

Canadian 

Arctic 

Archipelago 

Chukchi Sea Barents sea Laptev sea 

Winter season 10 months 9 months 10–12 months 12 months 9 months 

FDD, max 6000 8000 4500 3600 5085 

Temperature 22…–41°C 11…–51°C 30…–50°C 10…–39°C 33…–53°C 

Wave height max 12,6 m ND max 14,0 m max 10 m max 10 m 

Wind speed max 29 m/s  ND max 43 m/s max 32 m/s max 51 m/s 

Sea ice speed 0,4 m/s 0,3 m/s 0,5 m/s 0,8 m/s 0,15 m/s 

Ice thickness max 10,0 m max 11,3 m max 6,0 m max 3,0 m max 3,2 m 

Sea current max 0,2 m/s max 4,0 m/s max 1,0 m/s max 1,3 m/s max 1,1 m/s 

Seismic risk - max 7.0  ND - - 

Icebergs / year 2000 12 ND 40 ND 

*) ND = no data, FDD = freezing degree days 

 

In table 1 the wind speed has been measured 10 meters above sea surface for 10 minutes 

average speed. In gusts the wind speed can be much greater, for example in Laptev Sea 

the maximum gust speed has been 69 meters per second. Sea ice speed means ice 

movement in offshore and sea current has been measured in the surface part of the sea. 

Usually the current is slower in the middle and bottom parts of sea. Wave height means 

the significant wave height measured in place, where the water depth is more than 100 

meters. (ISO 19906, 2010, p.331–443) The places from which the information is 

gathered are displayed in the figure 2.  
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Some observations can be done based on the information in the table 1. First of all, the 

minimum temperature around the Arctic area is mainly about –55 °C. In some areas the 

temperature does not usually drop below –40 °C. Materials used in these circumstances 

have to be tough enough to ensure that if some failure happens, the construction does 

not break up brittle. We can say that materials exposed to open air for any kind of 

application must have certain impact strength at –40 °C or below. In the pipelines the 

toughness is even more important character because if brittle crack occur, it might 

propagate hundreds of meters in just seconds. Toughness at low temperatures is one of 

the most important features of material for applications to cold and harsh environment 

like Arctic. (Takeuchi et al., 2006, p.6) 

Another notice is the variation of temperature. In offshore the temperature variation is 

not necessary as crucial as in some inland areas, where it might be about 100 degrees. 

This means that 10 meters long carbon steel structure expands and shrinks 12,0 

millimeters because of the heat variation. For aluminium in the same conditions the 

result is 23,9 millimeters and for austenitic stainless steel 16,0 millimeters. (Arabey, 

2010, p.606). 

Figure 2. Places where data has been gathered for table 1. 

(Adapted from The University of Texas at Austin, 2012) 
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The environment for submarine structures (structures below lowest astronomical tide) 

does not differ a lot whether they are in Arctic area or in normal, warmer climate. There 

is no need for use design temperature below 0 °C for these structures. The differences 

might appear in the time of storing and assembling, when the structures are exposed to 

open air and that should be taken into consider in the time of design. (DNV-OS-F101, 

2010, p.57) 

2.2 TESTING METHODS 

There are few different standardized testing methods for evaluating the toughness of 

materials. Maybe the most important of these methods is Charpy-V notch impact test 

(CVN). Other important methods are Crack Tip Opening Displacement (CTOD) and 

Crack Tip Opening Angle (CTOA). Both of these, especially CTOA, have become more 

and more important in the recent years. Indeed many scholars agreed that the CTOA is a 

very promising and convenient fracture criterion, especially for running ductile cracks 

in the thin-walled structures (Wang & Shuai, 2010, p.36). CVN measures impact 

toughness and CTOA and CTOD measure fracture toughness. In addition of Charpy 

impact test, other dynamic tests are drop-weight tear test (DWTT), which is also quite 

important these days, and dynamic tearing. Other fracture toughness parameters are for 

example the elastic energy release rate G, the stress intensity factor K and the J-integral. 

(Zhu & Joyce, 2012, p.1; Tyson, 2009, p.2; Wang & Shuai, 2010, p.36)  

Certain testing methods are well introduced in international standards and in addition 

there are also recently published releases about different kind of toughness testing 

methods and how to choose appropriate fracture parameter to characterize fracture 

toughness for the material of interest (also conversation about their suitability to modern 

extra and ultra high strength steels is included). These releases are for example: 

- Maybe the most recent at the moment is in the year 2012 published “Review of 

fracture toughness (G, K, J, CTOD, CTOA) testing and standardization” by Zhu 

& Joyce. 

- In the year 2009 published “A relationship between constraint and the critical 

crack tip opening angle” by Johnston & James. 

- In the year 2009 published “Fracture control for northern pipelines” by Tyson 
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- In the year 2005 published “Fracture mechanics testing on specimens with low 

constraint – standardization activities within ISO and ASTM” by Schwalbe et al. 

2.2.1 Charpy Impact Test 

By far the most used testing method is Charpy-V impact test, because it is traditional, 

easy to execute and it usually gives clear and unambiguous results for traditional 

materials. It consists of breaking a notched test piece with a single blow from a 

swinging pendulum. The notch in the test piece has specified geometry and is located in 

the middle between two supports, opposite to the location which is struck in the test. 

Test piece for Charpy impact test is usually 55 millimeters long and of square section 

with 10 millimeters sides and having V- or U-notch in the centre of the length (figure 

3). (ISO 148-1, 2009, pp.2, 3)  

Figure 3. Principle of Charpy impact test. (Adapted 

from ISO 148-1, 2009, p.7) 
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Charpy impact test is general and easy testing method, which reveals temperature range 

where material’s behavior changes from ductile to brittle. This temperature is called 

transition temperature (or ductile-to-brittle temperature, DBTT). Principle of series of 

Charpy notch impact test result is shown in figure 4. Transition temperature is not 

generally applicable definition, but following criteria have been found useful for 

determining the transition temperature: 

- a particular value of absorbed energy is reached (for example Kv = 27 J), 

- a particular percentage of the absorbed energy of the upper-shelf value is 

reached (for example 50 %), 

- a particular portion of shear fracture occurs (for example 50 %) and 

- a particular amount of lateral expansion is reached (for example 0,9 mm) (ISO 

148-1, 2009, p.18).  

Even if Charpy notch testing method is very useful and easy, the results can be used 

versatile and testing results are readily available for wide range of steels, it does not 

necessary cover all needed information for new extra or ultra high strength steels 

(Smith, 2010, p.3; Tyson, 2009, p.8; Wang & Shuai, 2010, p.36). This can be noticed 

from, for example, blown up gas pipelines in Siberia, where pipeline steel covered all 

design requirements, including Charpy-V notch impact strength at –20 °C, but still 

failure occurred (Arabey et al., 2009, p.720–722). There are also critical conversations 

Figure 4. Transition temperature. (Adapted from 

Brnic et al., 2011, p.350) 
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about the best transition curve fitting method, because there are different accepted 

fitting methods and they give results with different accuracies, especially when fitting to 

small quantities of data (Cao et al., 2012, p.1–4). At the moment almost all demands for 

material toughness properties are linked to Charpy impact testing. 

2.2.2 Crack Tip Opening 

Crack tip opening displacement (CTOD) and crack tip opening angle (CTOA) have 

become more important in recent years. CTOD test is needed for example for steel 

structures which are estimated to serve at least five years at offshore, including 

submarine pipelines (DNV-OS-C401, 2010, pp.27, 28). Different studies (Mannucci et 

al. (2000), Demofonti et al. (2000), Hornsley (2003), Jones & Rothwell (1997)) have 

shown, that CTOA is very usable in prediction of fracture behavior of high strength 

steels (steels with yield strength 690 MPa and over).CTOD and CTOA tests are usually 

executed with test pieces showed in figure 5. Test piece a is meant for tensile test and 

test piece b is meant for bending. 

CTOD test method is meant mainly for thick plates and it is recommended that test 

piece is in the actual size of application. CTOA has been developed mainly for thin 

plates, for example pipeline steels and aerospace applications. Crack tip opening 

displacement cannot be estimated straight from the test piece, but has to be calculated 

using quite complicated formula, which is simplified at equation 1. CTOA is defined as 

the average angle of the two crack surfaces or it can also mean the angle of crack 

Figure 5. Different kind of crack tip opening displacement 

(CTOD) test pieces. (Adapted from Zhu & Joyce, 2012, p.5) 
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tunneling (figure 6). The angle definition depends on examination. (Zhu & Joyce, 2012, 

p.32; Hashemi et al, 2012, p.57, 58) 

   
 

   
 
        

 
        (1)  

 

In equation 1 δ is crack tip opening displacement, Jpl is plastic component of J-integral, 

σy means effective yield stress equal to the average of yield stress and tensile stress, K is 

stress intensity factor for model I-crack, E is elastic modulus, v denotes for Poisson’s 

ratio and m is a function of crack size and material properties.  

 

2.2.3 Drop Weight Tear Test 

Drop weight tear test (DWTT) measures the impact energy absorbed in test piece, quite 

similar to Charpy impact test, but another maybe more useful parameter is the shear 

Figure 6. Two principles of crack tip opening angle (CTOA). 

(Adapted from Johnston & James, 2009, p.4 and S.H. Hashemi et 

al., 2012, p.54) 
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area of the test piece. DWTT test is mainly used for pipeline steels and it is required for 

all ISO 3138 grades together with Charpy impact test. The requirement is 85 % shear 

area in certain service temperature, which is assumed to prevent steels from brittle 

fracture. Principle of DWTT test with pressed notch is shown in figure 7. Chevron 

notch is used with high-toughness steels. (Cosham et al., 2010, p.69–83) 

 

2.3 ROLE OF CLASSIFICATION SOCIETIES 

Structures in Arctic environment are mainly determined as offshore structures, but there 

are also areas inside the Arctic border which contains solid ground. Classification 

institutions, which specify strict material requirements for vessels and structures (table 

2), are focused mainly for offshore applications; vessels, ice breakers, oil platforms and 

for example submarine pipelines. They have classified and certified different kinds of 

steels (non-alloyed, low-alloyed and high-alloyed), aluminium and its alloys and some 

other materials for structural offshore use. All vessels and fixed offshore applications 

have to be inspected and certified by some classification society before it is possible to 

take them in use. These societies demand, that every material used in any application 

has to be certified by them. (Nallikari et al., 2012) 

Large amount of European offshore classification societies are member of International 

Associations of Classification Societies (IACS) and in this study we will focus on these 

Figure 7. Principle of drop weight tear test with pressed notch. (Adapted 

from Cosham et al., 2010, p.73) 
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European norms. There are also societies for example in Asia and Africa and the total 

amount of these societies around the world rises to dozens. (IACS, 2012)  

Table 2. Few classification institutions around the world for offshore applications. 

Europe Russia Asia America 

Bureau Veritas (BV) 
Maritime Register of 

Shipping (MRS) 

China Classification 

Society (CCS) 

American Bureau of 

Shipping (ABS) 

Det Norske Veritas 

(DNV) 
 

Korean Register of 

Shipping (KRS) 
 

Germanischer Lloyd 

(GL)  
 

Nippon Kaiji Kuokai 

(ClassNK) 
 

Lloyd’s Register 

(LR) 
 

Indian Register of 

Shipping (IRS) 
 

Polski Rejestr 

Statkow (PRS) 
   

Registro Italiano 

Navale (RINA) 
   

*) All are members of International Association of Classification Societies Ltd, IACS 

All members of IACS have quite similar requirements for materials and manufacturing. 

There are some differences in chemical compositions, mechanical properties and 

manufacturing methods. Some of these differences are examined in chapters related to 

materials and manufacturing. Structures situated inland are not classified by 

classification societies, but international and national standards. 

2.4 STANDARDS 

Some international standards are meant for offshore structures and there is one standard, 

which in meant especially for Arctic areas. This standard for Arctic areas has been valid 

only for couple of years and new standards for Arctic applications are prepared. 

(ISO/TC 067, 2012) 

There are international standards, which give rules and guidance for materials and 

structures for different applications situated inland and concerning energy production. 

Standards for special conditions, for example materials for H2S-containing environment, 
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also exist. In this thesis focus is on standards for general environment. In table 3 are 

listed the main standards for petroleum and natural gas industries and also other 

important standards for general structures. 

Table 3. Valid standards for different kind of applications. 
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Arctic Environment  ●        ●    

Offshore ● ●  ● ●  ● ● ● ● ●  ● 

General use (inland) ●  ● ●       ●   

Material requirements  ●  ●  ● ●    ● ●  ● 

Steel Structures  ● ●     ● ● ●   ● 

Pipelines ●   ●  ●       ● 

Guidance for production    ●         ● 

Materials ●    ●  ●     ● ● 

 

As we can see, the amount of important norms and standards is quite large but there are 

not many standards for especially Arctic environment yet. International Organization 

for Standardization has technical subcommittee for Arctic operations (TC 67/SC 8), but 

there are no published standards or even standards under development so far. This 

technical subcommittee had a kick off meeting in Moscow, Russia 29−30.3.2012. (ISO, 

2012; ISO/TC 067, 2012) 

 

3 CARBON STEELS  

In the next chapters the focus will be on material requirements based on standards and 

classification societies. Main focus in this thesis is on carbon steels because they are 

still the most used material in structures around the world. General structural steels, 
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steels for pipelines and steels for offshore applications are examined. Steels for general 

pressure purposes (SFS-EN 10028-6), and steels for reinforcing concrete are excluded, 

because for example steels for pressure purposes are really similar to general structural 

steels (Lukkari, 2012). 

Compared to aluminium and its alloys and austenitic stainless steels, carbon steels 

usually have transition temperature in rather high temperature: between room 

temperature and –40 °C. That is why there are so strict requirements for manufacturing, 

assembling and also for inspections when carbon steels are used in cold environment. 

Carbon steels are the most versatile used group of steels. There are several reasons for 

that: they are cost-efficient in most targets, they have usually good or rather good 

weldability, they are widely available, they are stiff (yield modulus 210 GPa), they have 

high strength (over 1000 MPa is possible) and they are durable, hard and rather easy to 

recycle.  

Large amount of different kind of demands for steels with different strength class exist 

and they are examined in next chapters. For all carbon steels the carbon equivalent, Ceq, 

is calculated according to equation 2 and the cold cracking susceptibility, Pcm, is 

calculated according to equation 3. Both equations are standardized. (EN 10225, 2009, 

p.14) Equation 4, CET, is also carbon equivalent, which is newer than Ceq and it is 

usually used for new high strength steels with  
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Weldability of carbon steels differ widely depending on, for example, manufacturing 

method and alloying. Carbon equivalent has been the most important value to estimate 

weldability and needed heat treatments of carbon steels. In general the result of carbon 

equivalent is considered: 

- under or equal 0,40: good weldability, no need for pre or post heat treatment 

- above 0,40 but under 0,50: rather good weldability, might need heat treatment 

with thick materials 

- above 0,50: usually pre heat treatment is needed, might need post heat treatment. 

(Lukkari, 2007, p.21) 

3.1 CARBON STEELS IN OFFSHORE 

Standard EN ISO 19902 includes guidance and rules how to select steel for fixed 

offshore structures. Standard ISO 19906 complements these guides with knowledge 

about snow and ice loads and other effects which have to be especially taken into 

consideration in Arctic areas. The material selection process in simple form is showed 

in figure 8. The LAST in figure means the lowest anticipated service temperature, 

which is virtually the lowest exposed temperature for structure or other application in 

certain area. LAST is maybe the most important singular design character when steel 

grade is selected to applications at low temperatures. 

Figure 8. Material selection process for fixed offshore 

structures. (Adapted from EN ISO 19902, 2007, p.212) 
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Table 4 contains minimum toughness requirements for structural steels for fixed 

offshore applications according to EN ISO 19902. There are also five different strength 

depended groups for steels. The minimum amount of absorbed impact energy in CVN-

test is listed according to these groups. 

Table 4. Minimum toughness requirements for structural steels for fixed offshore 

structures. (EN ISO 19902, 2007, p.215) 

Steel 

group 

Yield 

strength 

Charpy 

toughness 

NT 

(CNV testing 

not required) 

CV1 

Test at 

LAST 

CV2 

Test at 30 °C 

below LAST 

CV2Z/ZX 

Test at 30 °C 

below LAST 

I 220–275 20 J no test ● ●  

II >275–295 35 J no test ● ● ● 

III >395–455 45 J  ● ● ● 

IV >455–495 60 J  ● ● ● 

V >495 60 J   ● ● 

● denotes required tests to minimum Charpy toughness at the specified temperature 

If the shell is empty, the combination is not allowed or not applicable 

 

NT and CVs are toughness classes for steels. Higher demands mean higher class and 

more special steel grades. Steels in NT class are not suitable for Arctic environment 

because they imply only application in critical welded components at service 

temperatures above 0 °C. Class CV1 steels are suitable for use, where service 

temperatures, thickness, restraint, impact loading or other demands indicate the need for 

improved notch toughness. (EN ISO 19902, 2007, p.214) Steels in this class might have 

some applications in the Arctic environment.  

Class CV2 steels are suitable for major primary structures or structural components and 

for critical or non-redundant components, especially in the presence of: 

- high stress and stress concentrations or high residual stress,  

- severe cold work from manufacturing,  

- high calculated fatigue damage, 

- impact loading or  

- some combination of above-mentioned. 
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Sign Z in the class means ensured through-thickness properties and X denotes ensured 

crack tip opening displacement (CTOD) quality. There is also class CV2ZX, in which 

the both features are applicable and ensured. Class CV2 steels might be suitable for 

Arctic applications. (EN ISO 19902, 2007, p.215) 

Class CV1 steels have to be tested at the LAST temperature. This class includes steels 

with yield strength from 220 MPa to 495 MPa (strength classes I, II III and IV). Class 

CV2 steels have to be tested 30 °C under the LAST-temperature. This demand might 

lead to extreme testing temperatures. For example strength class V steels for structures 

in Laptev Sea (minimum annual temperature –53 °C) have to be tested at –83 °C and 

the energy absorption in CVN test must be at least 60 joules. CV2 classes include all 

strength groups (I, II, III, IV, and V). In table 5 are listed steels from classes CV1, CV2 

and CVZ/ZX. Only steels S355N/M and S420NL/ML are standardized in EN 10025, 

others are in EN 10225. Modified 500 MPa steels are not standardized EN steels. 

Table 5. Correlation of steel group and toughness class for plates which might be 

suitable for Arctic applications. (EN ISO 19902, 2007, p.563) 
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Strength group II II II II II III III III IV IV V V 

CV1 ● ● ●   ●       

CV2    ●   ●  ●  ●  

CV2Z/ZX     ●   ●  ●  ● 

*) modified to have at least 500 MPa yield strength 

 

The European classification societies classify the demands for different kind of metallic 

materials for offshore applications. They all classify steels in groups by CNV test 

temperature. These groups are shown in table 6. In documents and design guides of 

classification societies the minimum design temperature for primary structures is 

usually –30 °C, temperatures under that is commonly used (Nallikari et al., 2012). 
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Design temperature below –30 °C is so called special condition and has to be discussed 

with classification society. (DNV-OS-C101, 2011, p.33) 

Table 6. Carbon steels categorized by members of IACS. (DNV-OS-B101, 2009, pp.17-

21; IACS, 2011, p.78; BV, 2011, p.47–51) 

Category 
Steel classes                   

(marking style may vary) 
Yield point 

Charpy-V Impact            

test temperature  

Group A A, AH and AQ 235–690 MPa 0 °C (except for A, +20°C) 

Group B B and BW
(1

 235 MPa 0 °C 

Group D D, DH, DW
(1

 and DQ 235–690 MPa –20 °C 

Group E E, EH, LE
(2

, EW
(1

 and EQ 235–690 MPa –40 °C 

Group F F, FH, LF
(2

 and FQ 315–690 MPa –60 °C 

1) Classified only by Det Norske Veritas 

2) Classified only by Bureau Veritas 

 

Suitable for Arctic environment from these groups might be steels from the groups E 

and F. These groups include steels strengths from 235 to 690 MPa (there is no 

standardized fixed structure offshore steel with yield strength exceeding 500 MPa) and 

some of them are with improved weldability (classes with W). The needed Charpy-V 

test impact energy depends on strength of steel and is examined further. Bureau Veritas 

has classified some especially low-temperature carbon steels, grades LF and LE, but 

they do not differ from normal E and F class ship building steels. 

At the moment 355 MPa class steels are the most used in offshore vessels for the Arctic 

area. Also 500 MPa steels are widely used without any problems. 690 MPa steels are 

classified, but proper standardization, rules and guidance are still missing, so that the 

benefit would be enough compared to class 500 MPa (strength of the 690 MPa steels 

cannot be fully benefited). (Nallikari et al., 2012) Similar steels are also used for fixed 

offshore applications. (De Man & Lafleur, 2008; Van Aartsen & De Man, 2008; 

Lukkari, 2010) 

3.2 CARBON STEELS IN PIPELINES 

The pipeline steels must usually have better Charpy impact toughness, because they 

have to have a certain crack arrest criterion. This means the needed toughness to stop a 
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propagation of crack. For example, when the most recent standardized pipeline steel 

(L830 or X120) was under development, this criterion was at least 231 joules at a 

testing temperature –30 °C. The final result was 250 joules at demanded temperature. 

(Europipe, 2004, p.3) 

Standard SFS-EN 14161 – Petroleum and natural gas industries; pipeline transportation 

systems – gives minimum toughness requirements for pipelines exceeding size DN 150: 

- 27 J average for grades not exceeding 360 MPa 

- 40 J average for grades exceeding 360 MPa. 

Testing temperature has to be estimated according to service temperature. If pipeline 

parent metal has to be capable of arresting running shear fracture, which is usually the 

situation with large pipelines, the minimum Charpy V-notch impact energy value has to 

be calculated based on equations 5, 6 or 7. Equation 5 is meant for yield strength from 

245 up to and including 450 MPa, equation 6 exceeding 450 up to and including 485 

MPa and equation 7 exceeding 485 up to and including 555 MPa steel. If calculated 

values are under those in table 7, then the value in the table is valid (EN 14161, 2003, 

pp.36,37; ISO 3183, 2007, p.99) 

                 
      

    (5)  

 

                 
      

    (6)  

 

                 
   

  

 
 
   

     
    (7)  

 

Where Do is the nominal outside diameter, σhp is the circumferential stress due to fluid 

pressure and tnom is the nominal wall thickness. This means, in principle, that pipe steel 

L555 with 6,5 millimeters nominal wall thickness, diameter 800 mm and 8 MPa 

pressure inside, must have a KV value of about 74 joules in designed temperature, if the 

pipeline runs on ground. 
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Table 7. Full-size minimum CVN absorbed energy for pipeline steels at 0 °C. (ISO 

3183, 2007, p.31) 

Do 

RHe ≤ 

415 

415 < RHe 

≤  450 

450 < RHe 

≤  485 

485 < RHe 

≤  555 

555 < RHe 

≤  625 

625 < RHe 

≤  690 

690 < RHe 

≤  830 

mm ≤ 508 27 27 27 40 40 40 40 

508 < mm ≤  762 27 27 27 40 40 40 40 

762 < mm ≤  914 40 40 40 40 40 54 54 

914 < mm ≤  1219 40 40 40 40 40 54 68 

1219 < mm ≤  1422 40 54 54 54 54 68 81 

1422 < mm ≤  2134 40 54 68 68 81 95 108 

*Values are announced in joules 

 

Submarine pipeline steels are not usually meant for low temperature applications 

(usually design and service temperature ≥ 0 °C), but some of them have good impact 

properties even in cold environment. These carbon-manganese pipe steels are classified 

in Standard ISO 3138 in category PSL 2 and particularly for offshore applications in 

ISO 3138 annex J. In principle this standard covers also classification societies’ pipe 

steels for submarine applications (carbon steels). These pipes are also used applications 

in onshore. Standardized pipe steels cover 245 MPa to 830 MPa. (DNV-OS-F101, 2010, 

p.67; ISO 3183, 2007, pp.27–28, 118–132) 

Especially low-temperature pipe steels (meant for structural piping) are standardized in 

SFS-EN 10216-4. This standard covers also the material demands from classifications 

societies. There are steels with yield point from 215 MPa up to 510 MPa. Good impact 

properties (at least 40 joules) are required as low temperatures as –196 °C for some 

grades, which are alloyed with nickel; some of these steels are high-alloyed and 

therefore not necessarily usual carbon steels. (SFS-EN 10216-4, 2004, p.23) 

There are some important demands from classification societies for low-temperature 

pipelines. For carbon and carbon-manganese steels the testing temperature has to be five 

degrees below LAST or at least –20°C whichever is lower. Other demands are gathered 

in table 8.  
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Table 8. Some demands of classification societies for low-temperature pipelines. (DNV-

OS-B101, 2009, p.26) 

Steel Type Min. design temp. Test temperature 
Average CVN 

energy 

C and C-Mn -55 °C see chapter above min. 27 J 

2 ¼ Ni -65 °C -70 °C min. 34 J 

3 ½ Ni -90 °C -95 °C min. 34 J 

9 Ni -165 °C -196 °C min. 41 J 

 

Recently built submarine and onshore large pipelines have been manufactured from 

steels having yield strengths from 485 MPa (Altemuhl, 2010), to 555 MPa and these 

grades are the most used pipeline steels at the moment (Stolyarov et al., 2010). Also 

classes up to 690 MPa and 830 MPa have been successfully used for example in Canada 

(TransCanada, 2012). 

3.3 CARBON STEELS IN GENERAL STRUCTURES 

Standardized structural steels for inland applications do not usually have so good 

mechanical properties, especially toughness at low temperatures. In general steel 

structures, which are designed according to Eurocode 3, the CNV test temperature is 

usually the lowest anticipated temperature or maximum 10 °C below LAST. The 

minimum possible design temperature for general steel structures in Eurocode 3 is –50 

°C and the minimum demanded impact energy absorption is 27 joules. There is just 

small part from enormous amount of structural steels, which have standardized impact 

properties at –40 °C or below. Eurocode accepts structural steels from 235 MPa up to 

700 MPa. There are though standardized structural steels up to 960 MPa. (SFS-EN 

10025-2, 2004; SFS-EN 10025-3, 2004; SFS-EN 10025-4, 2005; SFS-EN 10025-5, 

2005; SFS-EN 10025-6, 2009; SFS-EN 1993-1-1, 2005, p.25; SFS-EN 1993-1-12, 

2007, p.9)  
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3.4 AVAILABLE STEEL TYPES 

Next we will focus on each steel group and examine what alternatives can be found 

from standardized or certified steels. In general, steels can be separated to different 

groups in many ways. The classification of the steels in this thesis is: 

- normal strength steel (NS) – yield stress ReH max 235 MPa, 

- high strength steel (HS) – yield stress ReH >235–400 MPa, 

- extra high strength steel (EHS) – yield stress ReH >400–700 MPa and 

- ultra high strength steel (UHS) – yield stress ReH min 700 MPa. 

3.4.1 Normal Strength Steels 

Standardized or other way classified normal strength steels for pipelines and steel 

structures for offshore and inland applications are listed and examined in this chapter. 

The steels in this chapter have yield strength up to 235 MPa. In addition they have to be 

tough at the temperature of –40 °C or below, which means that they absorb at least 27 

joules in CVN test at –40 °C or below. These demands make this group rather small. In 

table 9 are listed standardized and/or classified general structural steels, offshore steels 

and pipeline steels suitable for this group. 

Table 9. Standardized and/or classified carbon steels with yield strength max 235 MPa 

and transition temperature T27 –40 °C or less. (SFS-EN 10216-4, 2004, p.22–27; DNV-

OS-B101, 2009, p.19) 

Steel name / number Use 
Classification / 

Standard 

ReH   

[MPa] 

Charpy-V impact 

energy @ TT 

P215NL GP SFS-EN 10216-4 215 40 J @ –40 °C / L 

E OF, OV CS 235 27 J @ –40 °C / L 

EW OF, OV CS 235 40 J @ –40 °C / T 

OV=Offshore vessels CS=Classification societies L=longitudinal 

OF=Offshore fixed applications GP=General pipeline T=transverse 

 

As can be seen, there are no standardized normal structural steels for general inland 

applications in this category; only one standardized steel for piping (P215NL) and two 

steels certified by classification societies (steels E and EW). Pipe steel P215NL has 

longitudinal impact test energy 40 joules at temperature of –40° C and normal offshore 
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structural steel has longitudinal impact test energy 27 joules at temperature of –40 °C. 

This means that they both might be usable in few Arctic areas in redundant applications. 

Steel with improved weldability, EW, has the transverse impact test energy 40 joules at 

temperature of –40 °C. This means that it has approximate 60 joules longitudinal test 

energy in the same temperature and is therefore more usable for welded applications 

than two other steels, but it cannot be used in any non-redundant applications either. 

The steel EW has also approved through-thickness properties (DNV-OS-B101, 2009, 

p.18). 

3.4.2 High Strength Steels 

Standardized or other way classified high strength steels for piping and steels structures 

for offshore and inland applications are listed and examined in this chapter. The steels 

in this group have yield strength exceeding 235 MPa up to 400 MPa. The transition 

temperature of these steels must be –40 °C or below. In table 10 are listed standardized 

and/or classified general structural steels, offshore steels and pipeline steels with at least 

27 joules absorption in CVN test at –60 °C or below. Steels with transition temperature 

from –40 °C to above –60 °C are listed in appendix 1. That is because there are so many 

steels in this group and the real possibilities to use steels in non-redundant structures in 

Arctic areas starts with improved toughness around –60 °C.  

Table 10. Classified high strength steel grades, which have transition temperature at –60 

°C or below. (SFS-EN 10216-4, 2004, p.22–27; ISO 3138, 2007, p.24; DNV-OS-B101, 

2009, p.19) 

Steel name / number Use 
Classification / 

Standard 

ReH  

[MPa] 

Charpy-V impact 

energy @ TT 

F27S OF, OV CS 265 27 J @ –60°C / L 

F32 OF, OV CS 315 31 J @ –60°C / L 

F36 OF, OV CS 355 34 J @ –60°C / L 

F40 OF, OV CS 390 39 J @ –60°C / L 

11MnNi5-3 GP SFS-EN 10216-4 285 40 J @ –60°C / L 

13MnNi6-3 GP SFS-EN 10216-4 355 40 J @ –60°C / L 

12Ni14 GP SFS-EN 10216-4 345 40 J @ –100°C / L 

X12Ni5 GP SFS-EN 10216-4 390 40 J @ –120°C / L 
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L290 or X42 OP, GP ISO 3183 290 see chapter below 

L320 or X46 OP, GP ISO 3183 320 see chapter below 

L360 or X52 OP, GP ISO 3183 360 see chapter below 

L390 or X56 OP, GP ISO 3183 390 see chapter below 

OP=Offshore pipeline GP=General pipelines L=longitudinal 

OF=Offshore fixed applications CS=Classification societies T=transverse 

OV=Offshore vessels   

 

We can notice that there are no standardized general structural steels in this group. If the 

demand for CNV test temperature had been placed at –40°C, there would have been few 

general structural steels (see appendix 1). For steel F40 some classification societies 

(DNV, GL) demands at least 41 joules at test temperature –60 °C. These steels are 

delivered to thicknesses up to 150 mm. When steels are produced thicker, they must be 

tougher, for example when thickness exceeds 70 millimeters Charpy-V impact energy 

must be 55 joules at –60 °C for steel F40 (DNV-OS-B101, 2009, p.19). 

The situation with ISO pipeline steels (L245–L390) is quite complicated, because the 

CVN tests are standardized only at temperature 0 °C. The final CVN requirements are 

almost always specified by purchaser and agreed by supplier. Toughness requirements 

are dependent on pressure, transported fluid, wall thickness, temperature and for 

example, pipe’s diameter. Toughness can also vary inside one grade depending on heat 

treatment, manufacturing methods, chemical composition and so on.  Some examples of 

impact values from research results for pipelines made of ISO standardized steels are 

shown below.  

- L290 or X42; about 30 J at –90 °C (Bodrov et al., 2008, p.68). 

- L320 or X46; 47 J at –44 °C (Quickel & Beavers, 2011, p.231). 

- L360 or X52; about 250 J at –20°C (Gabetta et al., 2008, p.106–110). 

For steel L320 the impact value is announced as FATT50 and it has been measured in 

this steel after about 30 years service as hydrocarbon pipeline. Steel L360 had also 

operated about 30 years as gas main before the impact test was made. 
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3.4.3 Extra High Strength Steels 

Standardized or other way classified extra high strength steels for piping and steels for 

offshore and inland applications are listed and examined in this chapter. The steels in 

this group have yield strength exceeding 400 MPa up to 700 MPa. The transition 

temperature (T27) of these steels must be –40 °C or below. In table 11 are listed 

standardized and/or classified general structural steels, offshore steels and pipeline 

steels with transitions temperature –60 °C or below. Steels with transition temperature 

from –40 °C to above –60 °C are listed in appendix 2. That is because there are so many 

steels in this group and the real possibilities to use steels in non-redundant structures in 

Arctic areas starts with transition temperatures around –60 °C.  

 

Table 11. Standardized or classified extra high strength steels with approved impact 

properties at –60 °C or below. (SFS-EN 10216-4, 2004, p.22–27; SFS-EN 10025-6, 

2005, p.30; ISO 3138, 2007, p.24; DNV-OS-B101, 2009, p.19) 

Steel name / number Use 
Classification / 

Standard 

ReH   

[MPa] 

Charpy-V impact 

energy @ TT 

F420 OV, OF CS 420 42 J @ –60 °C / L 

F460 OV, OF CS 460 46 J @ –60 °C / L 

F500 OV, OF CS 500 50 J @ –60 °C / L 

F550 OV, OF CS 550 55 J @ –60 °C / L 

F620 OV, OF CS 620 62 J @ –60 °C / L 

F690 OV, OF CS 690 69 J @ –60 °C / L 

S460QL1 GS SFS-EN 10025-6 460 30 J @ –60°C / L 

S500QL1 GS SFS-EN 10025-6 500 30 J @ –60 °C / L 

S550QL1 GS SFS-EN 10025-6 550 30 J @ –60 °C / L 

S620QL1 GS SFS-EN 10025-6 620 30 J @ –60 °C / L 

S690QL1 GS SFS-EN 10025-6 690 30 J @ –60 °C / L 

26CrMo4-2 GP SFS-EN 10216-4 440 40 J @ –60 °C / L 

X10Ni9 GP SFS-EN 10216-4 510 40 J @ –196 °C / L 

L415 or X60 OP, GP ISO 3183 415 see chapter below 

L450 or X65 OP, GP ISO 3183 450 see chapter below 

L485 or X70 OP, GP ISO 3183 485 see chapter below 
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L555 or X80 OP, GP ISO 3183 555 see chapter below 

L620 or X90 OP, GP ISO 3183 620 see chapter below 

L690 or X100 OP, GP ISO 3183 690 see chapter below 

OP=Offshore pipeline GS=General structures L=longitudinal 

OF=Offshore fixed applications GP=General pipeline T=transverse 

OV=Offshore vessels CS=Classification societies 

 

As was mentioned before, ISO standardized pipeline steels have certified impact test 

properties only at temperature 0 °C. It has been examined, that pipeline steels have 

much better properties than this. Below is gathered some research results about extra 

high strength pipeline steels. 

- L415 or X60; about 55 J at –80 °C (Dong et al., 2008, p.73–74). 

- L450 or X65; about 250 J at –25 °C (Liu et al., 2010, p.498). 

- L485 or X70; 79 J at –60 °C (Arabey et al., 2009, p.720). 

- L555 or X80; over 300 J at –80 °C (Khulka & Aleksandrov, 2006, pp.140, 141). 

- L620 or X90; about 150 J at –100 °C (Wei et al., 2009, p.41). 

- L690 or X100; over 250 J at –30 °C (Takeuchi et al., 2006, p.6). 

3.4.4 Ultra High Strength Steels 

Standardized or other way classified ultra high strength steels for piping and steels 

structures for offshore and inland are listed and examined in this chapter. The steels in 

this group have yield strength exceeding 700 MPa. In addition they have to be tough at 

low temperatures, which mean that their transition temperature (T27) must be –40 °C or 

below. In table 12 are listed standardized and/or classified general structural steels, 

offshore steels and pipeline steels suitable for this group. 

Table 12. Standardized or classified ultra high strength steels for low temperatures. 

(SFS-EN 10025-6, 2005, p.30; ISO 3138, 2007) 

Steel name / number Use 
Classification / 

Standard 
ReH [MPa] 

Charpy-V impact 

energy @ TT 

S890QL GS SFS-EN 10025-6 890 30 J @ –40 °C / L 

S890QL1 GS SFS-EN 10025-6 890 30 J @ –60 °C / L 

S960QL GS SFS-EN 10025-6 960 30 J @ –40 °C / L 
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L830 or X120 OP, GP ISO 3138 830 see chapter below 

OP=Offshore pipeline GS=General structures L=longitudinal 

 GP=General pipeline  

 

The only standardized ultra high strength pipeline steel is grade L830 or X120. Its 

impact properties, as almost every other pipeline steels’ too, are good, but not 

standardized under temperature 0 °C. For example, in one research grade L830 or X120 

had CNV impact test result above 250 joules at –30 °C (Takeuchi et al., 2006, p.6). 

3.5 UNCERTIFIED CARBON STEELS 

There is a large amount of non-alloyed, low-alloyed or other kind of carbon steels, 

which are not certified or classified for offshore or general inland structural use. Some 

of these steels have really good properties at low temperatures. State-of-the-art seems to 

be the development of really low-carbon bainitic steels with good weldability and really 

high yield strength (even over 1000 MPa). These steel are usually called high-strength 

low-alloy (HSLA) steels and they have bainitic, dual- or multi-phase crystal structure. 

Other branches are for example to alloy carbon steels with rare earth metals and to get 

nanostructure to these steels (see chapter 6.1 Nanostructured Carbon Steels). 

Lee et al. (2010) studied properties of Ni–Mo–Cr alloyed new carbon steels for nuclear 

applications. Chemical compositions of these steels are shown in table 13. Two grades 

of these steels had superior mechanical properties even at –196 °C (table 14). Steel G3 

is standardized steel for nuclear reactor pressure vessel and other steels are developed to 

be used in the next generation reactors. 

Table 13. Chemical composition of steels studied by Lee et al. (Lee et al., 2010, p.76) 

Steel name C Mn Ni Cr Mo Si Cu 

G3 0,23 1,4 0,9 0,15 0,5 0,25 0,03 

G4 0,21 0,3 3,6 1,80 0,5 0,21 0,03 

G4XN 0,20 0,3 0,9 1,80 0,5 0,26 0,03 
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Table 14. Mechanical properties of steels meant for nuclear applications. (Lee et al., 

2010, pp.76, 77) 

Steel 

name 

ReH  

[MPa] 

Rm  

[MPa] 

ReH  

[MPa]* 

Rm  

[MPa]* 

Elongation 

[%]* 

T68      

[°C] 

USE     

[J] 

G3 460 622 917 - 4,3 19,1 183,4 

G4 581 749 961 1152 30,9 –130,4 245,6 

G4XN 515 662 1013 1096 21,1 –68,4 245,8 

*At –196 °C 

**USE = upper shelf energy 

 

Hwang et al. (2011) examined one high-strength low-alloy steel with different 

thermomechanical manufacturing processes. The nominal composition of this steel was 

Fe–0,07C–0,25Si–1,9Mn–0,5Ni–0,6Cr–0,25Mo–0,06Nb–0,03V–0,015Ti. They made 

six different manufacture processes (figure 9) for this steel and every process led to 

different dual-phase crystal structure. (Hwang et al., 2011, p.718) 

All steels had good low-temperature properties, but maybe the best was test piece IC, 

which had the most complex crystal structure with mixture of lower bainite, lath 

martensite, degenerate upper bainite and granular bainite. It had DBTT at –69 °C, USE 

164 joules and about 138 joules energy absorption in CVN test at –40 °C (table 15). 

(Hwang et al., 2011, p.721) 

Figure 9. Principle of manufacturing processes of tested steels. 

(Hwang et al., 2011, p.718) 
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Table 15. Mechanical properties of steel studied by Hwang et al. (Hwang et al., 2011, 

p.723) 

Steel 
ReH    

[MPa] 

Rm      

[MPa] 

Uniform 

Elong. [%] 

USE        

[J] 

CVN @ –40 °C 

[J] 

DBTT 

[°C] 

SA 773 1022 5,7 155 107 ± 21 –54 ± 4 

SB 835 1053 5,6 176 112 ± 33 –49 ± 9 

SC 703 959 7,1 168 104 ± 10 –50 ± 5 

IA 741 1000 6,6 104 71 ± 10 –61 ± 4 

IB 765 1020 6,5 138 108 ± 16 –59 ± 4 

IC 832 982 5,8 164 138 ± 43 –69 ± 5 

Cui et al. (2011) recently developed ultra low carbon bainitic (ULCB) steel with copper-

phosphorus alloying. Copper and phosphorus is expected to have effects to prevent 

oceanic atmosphere corrosion in carbon steels. Developed steel was based on recently 

invented ULCB steel and it had chemical composition of 0,07C–1,43Mn–0,27Si–

0,035Nb–0,19N–0,052P–0,26Cu–0,0035B–0,0025S. Mechanical properties of this steel 

is gathered to table 16 with two different finishing temperature. It had rather good 

properties even at low-temperatures, despite phosphorus alloying. (Cui et al., 2011, 

pp.6401, 6402) 

Table 16. Properties of copper-phosphorus alloyed ULCB steel. (Cui et al., 2011, 

p.6402) 

Steel/finishing ReH    Rm Elongation CVN [J] 

temperature [MPa] [MPa] [%] 20 °C – 40°C 

LCB-CuP/830°C 578 727 30,4 223 112 

LCB-CuP/880°C 566 741 29,8 161 66 

 

Liu et al. (2010) examined the effect of rare earth metal, cerium, to the pipeline steel 

X65. They added 0,28 % cerium to the composition of 0,07C–0,3Si–1,5Mn–0,01P–

0,005S–0,003O–0,004N–0,03Al–0,06Nb–0,02Ti and the test result of the cerium was 

0,02 %. Results of the experiment were interesting; small amount of rare earth metal 

affected significantly to the mechanical properties of this steel (see table 17). Alloying 

improved the strength and increased impact energy both in room temperature and in 
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lower temperature. It also dramatically affected on elongation. Other rare earths, which 

are used to improve properties of metal alloys, are for example erbium, ytterbium and 

lanthanum. (Liu et al., 2010, p.497–500) 

Table 17. Mechanical properties of pipeline steel X65 and X65 embedded with cerium. 

(Liu et al., 2010, p.498) 

Steel ReH  [MPa]  Rm [MPa] Elongation [%] CVN @ 20°C CVN @ –25°C 

X65 388 469 34,6 310 J 251 J 

X65+Ce 453 500 20,7 425 J 306 J 

Difference +16,7 % +6,6 % –40,2 % +37 % +22 % 
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4 STAINLESS STEELS 

Stainless steel means steel alloy, which contains over 10,5 % chromium. They are 

typically used in applications where good corrosion resistance is obligatory. Uses are 

for example food industry, automotive applications, architectural use, structural 

applications and so on. The use of different kind of stainless steels has increased almost 

in every branch in past few years. 

Stainless steels are often categorized to four different main groups, as also in this thesis. 

Groups are: austenitic, ferritic, austenitic-ferritic (duplex) and martensitic stainless 

steels. All these groups have their own properties, but usually the use is related to their 

preferable corrosion resistance compared to carbon steels. Because the main focus in 

this thesis is the use of materials in rather low-temperatures, standpoint is not so 

traditional for stainless steels. 

Transition temperature appears especially in metals (or phases) which have body-

centered cubic crystal structure (for example α-iron, chromium, vanadium, niobium and 

wolfram). Face-centered cubic crystal structure is resistant to brittle fracture and 

therefore it would be a good choice for structures in cold environment. Metals (or 

phases) having face-centered cubic crystal structure are for example copper, aluminium, 

nickel and γ-iron. Because different stainless steels have different kind of crystal 

structure, their toughness differs in a large scale. (Miekk-Oja, 1986, p.706) 

Based on this knowledge, it can be said that austenitic stainless steels are not susceptible 

for brittle fracture, ferritic and martensitic stainless steels behave quite similar to carbon 

steels in low temperatures and ferritic-austenitic (duplex) steels have to be especially 

examined depending upon their alloying and ferrite-austenite -relation. 

In this thesis stainless steels have the same basic requirement than carbon steels; good 

toughness at –40 °C or below, which means at least 27 joules in CVN-test. For 

austenitic stainless steels this is not a problem, but in all other groups it has to be 

examined. The young’s modulus E of stainless steels is somewhat the same as carbon 

steels: 

- 195–200 GPa for austenitic grades, 

- 200 GPa for austenitic-ferritic grades and, 
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- 220 GPa for ferritic and martensitic grades. (SFS-EN 1993-1-4, 2006, p.10) 

4.1 STAINLESS STEELS IN OFFSHORE STRUCTURES 

Stainless steels are not very used material for primary structures at offshore. Indeed, 

there are just few classified grades for any kind of use. There are some demands and 

regulations for stainless steels when they are used as castings or forgings, for example 

propellers, but in this chapter we will focus on plate, section and bar products, which 

can be used versatile. 

Classification societies have different kind of regulations for stainless steels, but none of 

them has certified ferritic or martensitic stainless steel for use in supporting structures. 

Usually stainless steels are used in cargo tanks, storage tanks, shafts and pressure 

vessels but not in hull or other supporting structures. (Nallikari et al., 2012) 

Classification societies have mentions about plate products of stainless steel, but there 

are quite large differences between each other (table 18). In addition there are no 

standards in Europe which determines stainless steels for offshore structural use. 

Table 18. Some demanding concerning about stainless steels. (BV, 2011, pp.58, 59; 

DNV-OS-B101, 2009; LR, 2008, p.119; GL, 2009, 201; PRS, 2012, p.95; RINA, 2012, 

p.60; IACS, 2011, p.7) 

Classification 

Society 

Certified stainless steel 

types for plates 

Normal service           

temperature 
Test needed, when 

BV austenitic, duplex D / T ≥ -20°C 
TD < -105 °C for A                               

TD < -20 °C for D 

DNV - - Only forgings, castings and pipes 

GL all* - TD < -10 °C 

LR austenitic, duplex 
D / T ≥ 0 °C 

A / T ≥ -165 °C 
TD < 0 °C for D 

PRS austenitic, duplex A / T ≥ -165 °C 
TD < -105 °C for A                               

TD < -20 °C for D 

RINA austenitic, duplex D / T ≥ -20°C  

IACS austenitic A / T ≥ -165 °C  

D = duplex stainless steel 

A = austenitic stainless steel 

*) GL announces that if GL allows, all stainless steel grades in standard EN 10088 are usable 
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There are also testing and manufacturing requirements from these societies. IACS 

determines that testing temperature is depended on the plate thickness in the following 

way:  

- 25 < t ≤ 30 mm, test temperature 10 °C below LAST, 

- 30 < t ≤ 35 mm, test temperature 15 °C below LAST, 

- 35 < t ≤ 40 mm, test temperature 20 °C below LAST, 

but the base demand is that plates with thickness below and including 25 millimeters 

have to absorb impact energy of 27 joules at 5 °C below the design temperature (though 

at least –20 °C). (IACS, 2011, p.6) 

4.2 STAINLESS STEELS IN PIPELINES 

Pipelines are maybe the most general use for stainless steels in petroleum and natural 

gas industries and there are quite large amount of grades specified for this kind of use 

(in standards as also in classification societies’ documents). Usually pipeline steels are 

standardized in international standards and classification societies announce that these 

steels can be also used in offshore applications. 

In standard SFS-EN 10216-5 are determined stainless steel grades with mechanical 

properties for piping. Impact energy demands are listed below. There are few grades, 

which make exception from this pattern, but they are usually special grades with for 

example creep resisting properties. 

- Austenitic grades: usually 60 joules at –196 °C (transverse) and 

- austenitic-ferritic grades: usually 40 joules at –40 °C (transverse). (SFS-EN ISO 

10216-5, 2005, p.30–37) 

Standards SFS-EN ISO 13680 (Petroleum and natural gas industries – Corrosion-

resistant alloy seamless tubes for use as casing, tubing and coupling stock – Technical 

delivery conditions) and SFS-EN ISO 15156-3 (Petroleum and natural gas industries – 

Materials for use in H2S-containing environments in oil and gas production – Part 3: 

Cracking-resistant CRAs (corrosion-resistant alloys) and other alloys) have large 

amount of standardized stainless steel pipe steels, but they are categorized and listed 
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according to corrosion resistance, which is not the most important character in this 

thesis. These standards include also some ferritic and martensitic stainless steels. 

4.3 STAINLESS STEELS IN GENERAL STRUCTURES 

In principle same rules are valid for stainless steel structures than for carbon steel 

structures; at least 27 joules in CVN-test at certain temperature is demanded. Austenitic, 

austenitic-ferritic and ferritic stainless steels are standardized for general supporting 

structures for use inland. Austenitic and austenitic-ferritic stainless steels can be 

assumed to be tough enough for general structures in service temperature down to –40 

°C without any impact tests and austenitic steels even much below that (but tests are 

required). For ferritic stainless steels the demands and presumptions for impact CVN-

test are similar to carbon steels. (SFS-EN 1993-1-4, 2006, p.10) 

4.4 AVAILABLE STAINLESS STEELS 

There are huge amount of standardized stainless steels and at the moment the 

development of this steels’ group might be the fastest of all. Especially new austenitic-

ferritic and ferritic grades are being developed. Also improvement of so called super-

martensitic grades, which do not need any heat treatment before or after welding, is the 

state-of-art. These un-standardized steels are examined in chapter 4.5 Uncertified 

Stainless Steels. 

4.4.1 Austenitic Stainless Steels 

These steels do not have any certain transition temperature and that is why they are 

really good alternative for structures used in cold and harsh environment. Toughness is 

very good all the way to really low-temperatures (about –250 °C) and in usual 

applications there is no need for impact testing (ABS, 2012, p.39). Austenitic stainless 

steels are used also in cryogenic applications. 

Traditional grades, AISI 304 and 316, are rather expensive compared to low-alloy 

carbon steels (about 3 to 6 times more expensive, depending mainly on the price of 

nickel), and the price makes the use of these grades to general structural applications 

almost impossible. Special grades, like 904L, are much more expensive. There have 
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been developed some austenitic grades without nickel, but they are not so common yet. 

They are examined in chapter 4.5.1 Low-Nickel Austenitic Stainless Steels. 

Some standardized austenitic stainless steels for pipelines and inland structural use are 

listed below in table 19. As can be noticed, the steel grades are exactly the same for 

construction use and for pipelines. There are still several other standardized pipe and 

structural austenitic stainless steels, but their properties do not vary a lot compared to 

each other, in the low-temperature properties point of view. 

Table 19. Austenitic stainless steels standardized for structures and pipes. (SFS-EN 

1993-1-4, 2006, p.9; SFS-EN 10088-4, 2009, p.47) 

Steel name /            

number / other 
Use 

Classification /             

Standard 

Rp0,2 

[MPa] 

Charpy-V impact 

energy @ TT 

t 

[mm] 

X5CrNi18-10 / 

1.4301 / 304 

GS, GP, 

OA 

SFS-EN 10088-4 

SFS-EN 10216-5 
210 

100 J @ 20 °C / L 

60 J @ -196 °C / T 

t ≤ 75 

t ≤ 50 

X2CrNiMo17-12-2 / 

1.4404 / 316L 

GS, GP, 

OA 

SFS-EN 10088-4 

SFS-EN 10216-5 
220 

100 J @ 20 °C / L 

60 J @ -196 °C / T 

t ≤ 75 

t ≤ 50 

X1CrNiMoCu25-20-5 / 

1.4539 / 904L 

GS, GP, 

OA 

SFS-EN 10088-4 

SFS-EN 10216-5 
220 

100 J @ 20 °C / L 

60 J @ -196 °C / T 

t ≤ 75 

t ≤ 50 

OA=Other applications, such as pressure vessels, tanks and so on 

GS=General structures L=longitudinal 

GP=General pipeline T=transverse 

 

Even if the demand of the longitudinal CVN-test impact energy is 100 joules at room 

temperature, it does not mean for austenitic stainless steels that it would be less at lower 

temperatures. Indeed the longitudinal impact energy for austenitic grades is usually 

120–200 joules in room temperature and 100–180 joules at –150 °C. (Jong-Hyun et al., 

2002, p.1067) 

These steels can be used in structures and pipes at really low temperatures, but they 

have rather small yield strength. Some grades do not need any special corrosion 

protection even in the presence of sea water. Classification societies usually mention in 

their documents that austenitic stainless steels, which can be used in offshore 

applications, include grades, such as type AISI 304, 304L, 316, 316L, 321 and 347. 

Grades 321 and 347 are quite similar to 304 but contain small amount of titanium or 

niobium to prevent sensitization in welds. 
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4.4.2 Austenitic-Ferritic Stainless Steels 

Austenitic-ferritic stainless steels have, in principle, two different phases in their crystal 

structure – ferrite and austenite. That is why they are often called duplex stainless steels 

and this dual-phase makes them both strong and tough. Because of the presence of 

ferrite, these steels have always transition temperature, and it occurs usually between 

room temperature and –50 °C. There are few grades which have been standardized for 

pipelines and structural use and they are listed in table 20.  

There are many grades, which have been developed recently and they are not 

standardized or certified yet. Examination results are interesting, not only in the 

corrosion resistance point of view, but also their properties in cold environment. These 

new steel grades are examined in the chapter 4.5.2 Low-Nickel Austenitic-Ferritic 

Stainless Steels. It is good to notice, that for example NORSOK has accepted only one 

new austenitic-ferritic stainless steel in their material list for piping after year 1996. 

Table 20. Duplex stainless steels for offshore use. (SFS-EN 10088-4, 2009, p.52; SFS-

EN ISO 10216-5, 2005, p.36–38) 

Steel name /                      

number / other 
Use 

Classification /             

Standard 

Rp0,2 

[MPa] 

Charpy-V impact 

energy @ TT 

t 

[mm] 

X2CrNiN23-4 /          

1.4362 / S32304 

GS, GP, 

OA 

SFS-EN 10088-4 

SFS-EN 10216-5 
400 40 J @ -40 °C / T 

 –       

t ≤ 30 

X2CrNiMoN-22-5-3 / 

1.4462 / S31803 

GS, GP, 

OS, OA 

SFS-EN 10088-4 

SFS-EN 10216-5 
450 40 J @ -40 °C / T 

 –       

t ≤ 30 

X2CrNiMoCuN25-6-3 / 

1.4507 / S32550 

GP, OP, 

OS, OA 
SFS-EN 10216-5 500 40 J @ -40 °C / T t ≤ 30 

X2CrNiMoN25-7-4 / 

1.4410 / S32750 

GP, OP, 

OS, OA 
SFS-EN 10216-5 550 40 J @ -40 °C / T t ≤ 30 

OA=Other applications, such as pressure vessels, tanks and so on 

GS=General structures L=longitudinal 

GP=General pipeline T=transverse 

OP=Offshore pipeline OS=Offshore structures 

 

Classification societies usually accept three steels from this table; 1.4462, 1.4507 and 

1.4410. For the grade 1.4462 some of them demand, that the minimum 0,2 % yield 

strength is 470 MPa and for all grades transverse CVN-test values are only 27 joules at 
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temperature –20 °C, which means that the demand is below material standards (BV, 

2011, p.61). 

There are also some other standardized grades, but their low-temperature properties are 

very close to those which are listed above. First two of these steels are considered as 

normal austenitic-ferritic steel and two other as super-austenitic-ferritic stainless steel. 

These steel grades are also very expensive compared to carbon steels, even more 

expensive than traditional austenitic grades. 

4.4.3 Ferritic and Martensitic Stainless Steels 

Ferritic stainless steels have traditionally poor low-temperature properties, but some 

improvements have been developed also in this group. Usually the high-temperature 

properties are more important for these steels. Traditional martensitic stainless steels are 

not meant for structural applications and they usually have transition temperature above 

0 °C. Recent years there have been made serious leaps in the development of these steel 

grades.  There are no standardized or certified ferritic or martensitic stainless steels, 

which would be tough enough at –40 °C. (SFS-EN 10088-4, 2009, p.41–43) 

4.5 UNCERTIFIED STAINLESS STEELS 

There have been developed new stainless steels, which are not yet standardized or 

certified. Also standardized stainless steels exist, which are not classified for structural 

use by any society. For austenitic stainless steels the main target in recent year’s 

development has been to reduce the nickel content and therefore make these steels more 

economical. Same target has been with austenitic-ferritic stainless steels. For both 

groups there have been also examinations to improve their main purpose, corrosion 

resistance. 

For ferritic and martensitic stainless steels the main target has been improvement of 

weldability, which in principle means better toughness in-welded condition. Also 

important development target for these steels has been improvement of high-

temperature properties and improved corrosion resistance. 
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4.5.1 Low-Nickel Austenitic Stainless Steels 

Traditional austenitic stainless steels are rather expensive which limits their use. In past 

years there have been several studies for development of nickel-free austenitic steels 

having similar properties than traditional versions of these steels. This means similar 

corrosion resistance, formability, weldability, toughness and so on. (Milititsky et al., 

2008, p.189) There are nickel-free commercial grades in market (so called 200-series 

stainless steels), but consumers are not satisfied with their properties and the knowledge 

of them is also poor. Therefore they are used quite little. (ISSF, 2005, p.4–7) 

Nickel is usually replaced with manganese, rather high carbon and high nitrogen 

content, when crystal structure purposely is held austenitic even in low temperatures 

like in traditional stainless steels. Milititsky et al. (2008) studied impact toughness and 

other properties of six nickel-free austenitic stainless steels in wide range of 

temperature: between –196 and 150 °C (tables 21 and 22).  

Table 21. Chemical composition of examined nickel-free austenitic stainless steels. 

(Milititsky et al., 2008, p.190) 

Alloy C Ni Mn Cr Mo N Cu 

12Mn–0.15C–0.35N 0,150 0,50 12,0 17,4 - 0,35 - 

12Mn–0.18C–0.4N–1.1Mo 0,178 0,40 12,7 17,8 1,10 0,41 - 

12Mn–0.1C–0.35Mn–1.6Cu 0,100 0,40 12,5 17,6 - 0,35 1,63 

18Mn–0.5N 0,040 0,20 17,7 18,0 0,17 0,49 - 

18Mn–0.18C–0.3N 0,180 0,60 18,0 17,7 - 0,32 - 

18Mn–0.4N–1.7Cu 0,050 0,36 18,6 17,1 - 0,41 1,73 

 

These alloys are not yet commercial, but were casted only for their experimental use. 

These austenitic steels have higher strength than traditional alloys and also really high 

total elongation. There were revealed some interesting properties in these face-centered 

cubic structured steels – for example they does not have exact transition temperature: 

impact toughness is gradually decreased with decreasing temperature (figure 10), but 

the fracture mode is not brittle even at –196 °C. (Milititsky et al., 2008, pp.189, 190). 
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Table 22. Nickel-free, high-manganese, high-nitrogen experimental alloys. (Milititsky 

et al., 2008, p.190) 

Alloy 
Yield Stress  

[MPa] 

Tensile Stress 

[MPa] 

Total elongation 

[%] 

12Mn–0.15C–0.35N 498 865 56,3 

12Mn–0.18C–0.4N–1.1Mo 486 867 56,6 

12Mn–0.1C–0.35Mn–1.6Cu 423 784 56,7 

18Mn–0.5N 481 843 55,1 

18Mn–0.18C–0.3N 449 876 56,5 

18Mn–0.4N–1.7Cu 417 738 49,0 

*) Sulphur content in all about 0,01 % 

 

 

Even if these nickel-free stainless steels are studied a lot in past few years, examiners do 

not fully agree why the impact energy decreases so significantly with decreasing 

temperature. In the first studies of this kind of alloys it was appointed that it is because 

of the brittle behavior at low temperatures of stable Cr–Mn–N austenitic steels. In 

several studies these alloys are not brittle in low-temperature and nowadays scientists 

Figure 10. Impact toughness of new manganese alloyed austenitic stainless steels. 

(Adapted from Milititsky et al., 2008, p.191) 



54 

 

 

believe that it has something to do with nitrogen content or nitrogen in addition with 

carbon. (Milititsky et al., 2008, p.195; Hwang & Kim, 2012, pp.182, 183) 

The most promising alloy in this research was the grade 18Mn–0.18C–0.3N, though 

with only small advantages. This alloy had a fully ductile dimpled fracture at 

temperature between –80 and 100 °C. Below –80 °C the fracture mode was mixed. 

Impact energy absorption was about 30 joules at –196 °C, 60 joules at –150 °C and 125 

joules at –50 °C. This alloy showed the lowest decrease in impact energy with 

decreasing temperature. (Milititsky et al., 2008, pp.194, 195) 

Hwang and Kim (2012) have recently studied the effect of grain size to these nickel-free 

austenitic stainless steels. The studied steel was alloy 18Cr–13Mn–0.5N, which is not 

commercial grade. Chemical composition of this steel is in table 23. In their study the 

growth of grain size increased transition temperature (table 24) and it is suggested that 

the smaller grain size does not improve the low-temperature toughness of high-nitrogen 

austenitic steels unlike the case of ferritic steels. (Hwang & Kim, 2012, p.183) 

Table 23. Chemical composition of steel alloy studied by Hwang and Kim. (Hwang & 

Kim, 2012, p.182) 

Alloy C Si Mn P S Ni Cr Mo N 

18Cr–13Mn–0.5N 0,067 0,49 13,15 0,005 0,008 0,46 17,96 0,28 0,497 

 

Table 24. Properties of alloy studied by Hwung and Kim. (Hwang & Kim, 2012, p.183) 

Annealing 

treatment 
 Room-temperature properties 

Charpy impact 

properties 

Temp. 

[°C] 

Time 

[H] 

Grain size 

[μm] 

Yield strength 

[MPa] 

Tensile strength 

[MPa] 

Total 

elongation [%] 

DBTT 

[°C] 

USE 

[J] 

1050 1 59 509 860 64 –80,7 239 

1200 1 80 481 819 62 –82,1 221 

1200 24 173 428 658 45 –96,7 190 

DBTT = Ductile-to-Brittle Transition Temperature 

USE=Upper Shelf Energy 
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It can be seen in table 24 that even if the increase of grain size does not significantly 

worse the impact properties, it affects to yield and tensile strength similar to ferritic 

steels: larger grains decrease yield and tensile strength. Also total elongation decreases 

due to increasing grain size. 

4.5.2 Low-Nickel Austenitic-Ferritic Stainless Steels 

Austenitic-ferritic stainless steels are traditionally expensive alloys due to their rather 

high nickel content (similar to traditional austenitic stainless steels). Because of this, 

cost-efficient austenitic-ferritic stainless steels with high mechanical properties and 

corrosion resistance, containing manganese and nitrogen instead of nickel, are being 

developed. (Jun et al., 2012, p.428) 

Some austenitic-ferritic stainless steels have been developed with nickel-free or low-

nickel content. These grades, which already have commercial applications, are for 

example 22Cr–10Mn–0.35N (Wang et al., 1999) and 18Cr–6Mn–1Mo–0.2N (Toor et 

al., 2008), but their toughness is not so good. Rather new commercial low-alloyed 

austenitic-ferritic steel, LDX 2101, have good low-temperature properties also in 

welded condition: for example CVN about 40 joules at –50 °C (Sieurin et al., 2006, 

p.2978). Also new, molybdenum alloyed, LDX 2404 has been recently developed 

(Outokumpu 2011). 

Jun et al. (2012) examined 19Cr and Jiang et al. (2012) examined 22Cr new nickel-free 

austenitic-ferritic stainless steels (table 25) which are reported to have good low-

temperature properties. All these new grades are compared to AISI 304 during 

examination of corrosion resistance and all of them have at least as good corrosion 

resistance as AISI 304. It is good to notice, that pitting resistance equivalent (PRE) is 

defined in these steels as in equation 7. 

                            (8)  
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Table 25. Chemical compositions of new 19Cr and 22Cr austenitic-ferritic stainless 

steels. (Jun et al., 2012, p.429; Jiang et al., 2012, p.51) 

Alloy Cr Mn N Ni W Cu Mo C 

S1905 18,93 6,02 0,21 0,47 0,51 0,46 0,84 0,025 

S1913 19,04 6,03 0,18 1,31 0,48 0,49 0,92 0,032 

S1920 19,01 5,98 0,17 2,03 0,52 0,52 0,90 0,030 

22Cr–0.5Ni 22,20 7,89 0,33 0,58 0,73 - 0,94 0,019 

22Cr–1.3Ni 22,09 8,02 0,35 1,28 0,69 - 1,00 0,014 

22Cr–2.0Ni 22,12 7,94 0,33 2,01 0,70 - 0,98 0,017 

 

These recently developed alloys have good mechanical properties at room temperature 

and also good toughness even at quite low temperatures. Mechanical properties are 

listed at table 26. As can be seen, the alloy S1913 has the best low-temperature 

properties in the category of 19Cr alloys and from category of 22Cr grades the 2 % 

nickel containing alloy shows the best low-temperature properties. All of these grades 

are reported to have lower production cost than grade AISI 304, mainly due to low 

nickel content. 

Table 26. Examined mechanical properties of new austenitic-ferritic stainless steels. 

(Jun et al., 2012, p.433; Jiang et al., 2012, p.54) 

Alloy 
Yield strength 

[MPa] 

Tensile strength 

[MPa] 

Total elongation 

[%] 
CVN energy 

S1905 490 880 51 65 J @ –40 °C 

S1913 430 738 53 132 J @ –40 °C 

S1920 403 690 56 35 J @ –40 °C 

22Cr–0.5Ni 505 770 42 37 J @ –40 °C 

22Cr–1.3Ni 500 745 37 53 J @ –40 °C 

22Cr–2.0Ni 490 760 37 180 J @ –40 °C 

 



57 

 

 

4.5.3 Ferritic and Martensitic Stainless Steels with Improved Low-temperature 

Properties 

Several studies about new ferritic and martensitic stainless steels have shown that also 

these steels can be ductile at low temperatures. New martensitic stainless steels are 

usually considered as super martensitic stainless steels because of their superior 

properties compared to traditional ones. Also new ferritic stainless steels are sometimes 

named as superferritic stainless steels. In addition there exist ferritic-martensitic 

stainless steels, which have both ferrite and martensite in their crystal structure. 

New or uncertified ferritic stainless steels are studied, for example, by Dai & Marmy 

(2005). They have studied ferritic and martensitic-ferritic stainless steels with different 

heat treatments meant for nuclear industry. These steels were developed as a part of 

fusion program and all of them are alloyed with about 9 % chromium, which means that 

based on EN-standards they are not stainless steels. These steels were developed to 

stand high temperatures and to have low irradiation swelling. Their low-temperature 

properties are quite good and can be seen in table 27. (Dai & Marmy, 2005, pp.247, 

248) 

Table 27. Properties of new ferritic-martensitic steels meant for nuclear applications. 

(Dai & Marmy, 2005, p.249) 

Steel name T91 F82H Optifer-V Optimax-A Optimax-C 

DBTT [°C] –54 –84 –112 –80 –55 

USE [J]* 9,4 10,5 10,1 10,5 10,5 

*CVN tests were executed with subsized test pieces: 3,3 mm * 3,3 mm * 25,4 mm 

 

Also Ying et al. (2011) studied new ferritic-martensitic steel having higher chromium 

content (12%Cr–0,10%C–1,0%Mn–1,0%Ni–1,0%Mo–1,1%W). Also this steel was 

meant for nuclear applications. It had good low-temperature properties: DBTT at –55 

°C with USE of 110 joules. These steels have usually really high tensile strength; for 

example steel in examination of Ying et al. had tensile strength of 925 MPa at room 

temperature. (Ying et al., 2011, p.65–69) 

New ferritic stainless steels modified from traditional grades were recently studied by 

Qu et al. (2012). They studied mechanical properties of two ferritic stainless steels 
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having high chromium and molybdenum content (table 28) with different heat 

treatments. Ferritic stainless steels are usually manufactured only in thin sheets and 

these tests were made with subsized test pieces but results were transformed to respond 

normal size test piece. As a result, these two millimeters thick steels plates had quite 

good low-temperature properties: 

- Steel 1 had DBTT at about –50 °C with almost 60 joules and 

- Steel 2 had DBTT at about –70 °C with about 70 joules. (Qu et al., 2012, p.436–

439) 

Table 28. Chemical compositions of steels studied by Qu et al. (Qu et al., 2012, p.437) 

 Cr Mo Ni Si Mn Nb C N Ti 

Steel 1 27,42 3,88 2,14 0,36 0,12 0,40 0,014 0,024 0,12 

Steel 2 24,70 3,47 1,97 0,30 0,30 0,40 0,011 0,024 0,13 

 

Usually new supermartensitic stainless steels (SMSS) are developed based on 

traditional martensitic grade, which contains 13 % chromium and about 0,2 % carbon. 

These low-carbon SMSSs exhibit good combination of weldability, strength, toughness, 

and corrosion resistance and that is why their use have increased in critical structures in 

branches of energy, aerospace and for example offshore industries. (Ma et al., 2012) 

Da Silva et al. (2011) examined titanium alloyed supermartensitic stainless steel with 

different heat treatments. The steel was having really low carbon content (0.0278%C–

12.21%Cr–5.8%Ni–1.95%Mo–0.52%Mn–0.28%Ti–0.0112%P–0.0019%S–0.013%N) 

and had really good mechanical properties at –46 °C, which was the lowest testing 

temperature. The best CVN results (test piece size 55 mm * 10 mm * 7,5 mm) were 

obtained with double tempering: 

- 1# 146 joules at –46 °C; Quenched and double tempered (670 + 600 °C/2 h), 

- 2# 154 joules at –46 °C; Quenched and double tempered (670 + 600 °C/8 h).           

(da Silva et al., 2011, p.7738–7741) 

Song et al. (2010) studied low carbon (0,066 %) 13%Cr–4%Ni–Mo supermartensitic 

stainless steel with different heat treatments. Also they used double tempering (680 
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°C/4h + 600 °C/4h) to achieve really tough crystal structure; CVN impact test result was 

120 joules at –80 °C. (Song et al., 2010, p.615–618) 

5 ALUMINIUM AND ALUMINIUM ALLOYS 

Aluminium can be considered as light-weight metal because its density is less than 5 

tons per cubic meter (pure aluminium 2,7 t/m
3
, different alloys 2,63–2,80 t/m

3
). The 

most used light-weight metals in addition of aluminium are titanium and magnesium. 

Aluminium has lots of good properties, which make it widely usable and economical 

structural material. Because of low density, relatively good strength character 

(aluminium alloys) and good weldability, aluminium and its alloys are good choice for 

transport and aviation industry. Also general corrosion resistance is usually good, 

depending on environment: for example in normal weather conditions corrosion 

resistance is excellent. Formability of the most aluminium and its alloys is very good 

even at low temperatures. (Lukkari, 2001, p.24) 

Aluminium and its alloys do not usually have any certain transition temperature because 

aluminium has face-centered crystal structure. They are usually ductile down to very 

low temperatures like traditional austenitic stainless steels and they also strengthen 

when temperature is getting lower. (Lukkari, 2001, p.24) In that perspective they are 

usable at very low temperatures: for example the minimum design temperature for any 

aluminium alloy according to NORSOK is –270 °C (NORSOK M-001, 2004, p.26). 

Aluminium has also some special characteristics compared to steels: its reflectivity is 

very good, it does not sparkle during impacts, it is non-magnetic and it also has stealth 

characteristic (it is invisible for radar). (Lukkari, 2001, p.24) 

Aluminium and its alloys are sometimes used to structures situated in inland and also in 

offshore applications, for example hulls of vessels, but rather seldom. Some properties 

of aluminium and aluminium alloys limit the use; they might be quite soft (20–50 

HBW), young’s modulus is rather small (about 70 GPa) and their weldability especially 

with high heat input welding techniques is poor or has not been examined properly 

(submerged arc welding, electro-gas-welding, electroslag welding) and therefore the 

welding of thick plates might be slow and expensive (Lukkari, 2001, p.99). 
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Aluminium and its alloys are usually separated in different groups according to alloy 

elements. The first group, 1xxx series, includes different grades of pure aluminium (at 

least 99,00 % aluminium). Other groups (from 2xxx series to 8xxx series) contain 

different kind of aluminium alloys and each group has its own major alloying element: 

- 2xxx series – copper 

- 3xxx series – manganese 

- 4xxx series – silicon 

- 5xxx series – magnesium 

- 6xxx series – magnesium and silicon  

- 7xxx series – zinc 

- 8xxx series – other elements (for example lithium) 

- 9xxx series – not defined. (SFS-EN 573-1, 2004, p.7) 

Each series has different kind of mechanical, chemical and corrosion resistance 

properties. Some series are heat treatable (2xxx, 6xxx, 7xxx and some alloys in 8xxx 

series) and with different kind of tempers it is possible to achieve really high strengths. 

(Starke & Staley, 1996, p.141). Highest standardized strength in EN 485-2 is alloy EN 

AW-7010 with minimum Rp0,2 value of 520 MPa (SFS-EN 485-2, 2009, p.65). 

The use of aluminium in welded structures has increased in past few years, but it is still 

used very little for example in pipe industry. It is quite used material in branches of 

offshore industry, transportation industry and in aviation industry. (Lukkari, 2001, p.28) 

Aluminium is used very little in pipelines and it can be said that it is virtually not used 

in large-scale pipelines. 

5.1 ALUMINIUM AND ITS ALLOYS IN OFFSHORE STRUCTURES 

Aluminium alloys are used in offshore structures for example because of their good 

corrosion resistance. Usually they are used in parts and applications where weight 

reducing is an advantage, for example deck structures of a ship. Only two series, 5xxx 

and 6xxx, with different tempers are classified for offshore use. This is because of they 

have good corrosion resistance even in presence of sea water. 5xxx series can be used in 

contact with seawater for any applications, but 6xxx series have some regulations. 

(DNV-OS-B101, 2009, p.38–41) 
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Standardized aluminium alloys for offshore use do not necessary cover the properties or 

demands of classification societies. In table 29 are listed the aluminium alloys which 

can be used in offshore applications according to SFS-EN and NORSOK standards and 

also according to classification societies. All grades cover thicknesses from 3 to 50 

millimeters. 

Table 29. Default standardized and classified European aluminium alloys and their 

tempers for offshore use. (SFS-EN 13195, 2009, p.18; BV, 2011, p.124–127; DNV-OS-

B101, 2009, p.38–41; GL, 2009, p.1–10; LR, 2008, pp.187, 188; PRS, 2012, p.168–171; 

RINA, 2012, pp.124-30; IACS, 2011, pp.199, 200; NORSOK M-121, 1997, p.7) 

Grade Approved temper(s) 

Classifi-

cation 

societies 

Standard 

SFS-EN 

13195 

NORSOK 

M-121 

EN AW-5052 
(3

 
O, H111

(7
, H112

(7
, H32

(1, 3, 7
, H34

(1, 3, 7
, H11

(2, 

8
, H12

(2, 8
, H22

(2, 8
, H24

(2, 8
 

● ● ● 

EN AW-5059 O, H111, H112
(1

, H116, H321 ●
 

●  

EN AW-5083 
O, H111

(7
, H112

(1
, H116, H22

(2, 8
, H24

(2, 8
, 

H26
(2, 8

, H321
(7

, H32
(1, 4, 8

, H34
(2, 8

 
●

 
● ● 

EN AW-5086 O, H111, H112 
(1

, H116, H321 
(4, 5, 6

, H32 
(1, 4 

●
 

●  

EN AW-5154A 
(3

 O, H32, H34 ●   

EN AW-5383 O, H111, H112, H116, H321, H32 
(1, 4 

● ●  

EN AW-5454 
(3,4

 
O, H111

(7
, H112

(7
, H321

 (1, 4, 8
 H32

 (1, 3, 4
, H34 

(1, 3
, H11

(2, 8
, H12

(2, 8
, H22

(2, 8
, H24

(2, 8
, H26

(2, 8
 

● ● ● 

EN AW-5456 O, H111
(6

, H112
(6

, H116, H321 ●   

EN AW-5754 
O, H111, H112 

(4
, H116 

(1, 6
, H321 

(1, 6
, H32

 (1, 

3, 4
, H34 

(1, 3
 

●
 

●  

EN AW-6005A T4
(3

, T5
(1, 8

, T6 ● ● ● 

EN AW-6060 
(3

 T4
(1, 3

, T5
(1, 3

, T6, T66
(2 

● ●  

EN AW-6061 T4
(3

, T5, T6 ●   

EN AW-6063 
(3

 T4
(1, 3

, T5
(1, 3, 8

, T6, T66
(2 

●
 

● ● 

EN AW-6082 O
(2, 8

, T4
(3

, T5
(1

, T6, T651
(1, 4 

● ● ● 

EN AW-6106
 (4

 T6 ●
 

●  

a) Sheet, strip and plate 1) Not standardized in EN 5) Classified only by LR 

b) Extruded products  2) Not classified 6) Classified only by RINA 

c) Cold drawn products 3) Classified only by DNV 7) Not standardized in NORSOK 

d) Forgings  4) Classified only by GL 8) Standardized by NORSOK 
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Usually 5xxx series products are valid in forms of sheet, strip and plate and 6xxx series 

for extruded products. But for example EN AW-6061 and EN AW-6082 are also 

available as a form of sheet and also many 5xxx series grades can be extruded.  

As can be seen from table 29, there are three or four classified grades additional to 

standardized ones. Compared to other classification societies, BV has not classified 

grades EN AW-6061 with temper T5, EN AW-5059 with temper H111 or EN AW-5754 

with temper H111.  DNV has the widest selection but they have not classified few 

grades compared to others: EN AW-5059 temper H111, EN AW-5754 and EN AW-

5454 tempers H111, H112. GL has not classified grade EN AW-5059 for extruded 

products at all or grade EN AW-5456 for sheet, strip and plate. GL also has not 

classified EN AW-6005A temper T5 or EN AW-5383 temper H321. LR does not have 

temper H112 for grades EN AW-5059 and EN AW-5383. PRS has not classified EN 

AW-5059 temper H111, EN AW-5754 temper H111 or EN-AW-6061 temper T5. IACS 

does not have grade EN AW-6061 temper T5 in accepted materials list. NORSOK 

allows also other tempers, if they are found relevant by the designer.  

Maybe the most important tempers are (others are defined in appendix 3): 

- 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 leveling, 

- 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, p.22–29) 

It is usually recommended that grades EN AW-5083 and EN AW-6082 are used, if 

aluminium is chosen to non-redundant structures. Some classification societies do not 

specify minimum service or design temperature for aluminium and its alloys or it is 

really low, below –200 °C. Mechanical properties of recommended alloys and their 

tempers are listed in table 30. For grade EN AW-5083 the example thickness is 20 

millimeters and for EN AW-6082 it is 10 millimeters. Elongation A in table 30 is meant 

for grade EN AW-5083 series and A50 mm is for grade EN-AW 6082.  
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Table 30. Mechanical properties for alloys used in offshore. (SFS-EN 485-2, 2009, 

pp.43–44, 63–64; IACS, 2011, p.200) 

 Grade and temper 
Rp0,2 [MPa] 

min              

Rm [MPa]    

min (to max)           

A or A50 mm        

[%] 

Hardness 

[HBW] 

EN AW-5083 O 115 270 to 345 15 75 

 H111 115 270 to 345 15 75 

 H112 125 275 10 75 

 H116 215 305 10 89 

 H321 215 305 10 89 

 H22 215 305 to 380 9 89 

 H32 215 305 to 380 9 89 

 H24 250 340 to 400 7 99 

 H34 250 340 to 400 7 99 

 H26
(1 

280 360 to 420 3 106 

EN AW-6082 O 85
(2 

150
(2 

17 40 

 T4 110 205 14 58 

 T5
(3 

230 270 8 - 

 T6 255 300 9 91 

 T651 255 300 9 91 

1) Thickness 3–4 millimeters 

2) Max 

3) Not standardized, data from classification societies. 

 

As can be seen there are similar mechanical properties in same grade’s different 

tempers. Different temper conditions mean that properties are achieved by different kind 

of treatments and even if the mechanical properties are similar, other properties may 

vary, for example cold forming or weldability. 

5.2 ALUMINIUM AND ITS ALLOYS IN GENERAL STRUCTURES 

There are not many demands for aluminium and its alloys for general structural use. 

Usually pure aluminium is not used because of really low strength (annealed pure 

aluminium has Rp0,2 value about 20 N/mm
2
) (Lukkari, 2001, p.46).  Aluminium alloys 

and tempers approved for general structural use are shown in table 31. These grades are 
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listed in Eurocode 9, which gives rules and guides for designing of general aluminium 

structures. Minimum design temperature is not specified. 

Table 31. Standardized aluminium alloys and tempers for general structural use. (SFS-

EN 1999-1-1, 2007, p.32–36) 

Grade Approved temper(s) 

EN AW-3004 H14, H24, H34, H16, H26, H36 

EN AW-3005 H14, H24, H16, H26 

EN AW-3103 H14, H24, H16, H26 

EN AW-5005 O, H111, H12, H22, H32, H14, H24, H34 

EN AW-5049 O, H111, H14, H24, H34 

EN AW-5052 H12, H22, H32, H14, H24, H34 

EN AW-5083 F, O, H111, H12, H22, H32, H14, H24, H34 

EN AW-5454 O, H111, H14, H24, H34 

EN AW-5754 O, H111, H14, H24, H34 

EN AW-6060* T5, T6, T64, T66 

EN AW-6061 T4, T451, T6, T651 

EN AW-6063* T5, T6, T66 

EN AW-6005A* T6 

EN AW-6082 T4, T451, T6, T61, T6151, T651 

EN AW-6106* T6 

EN AW-7020 T6, T651 

EN AW-8011A H14, H24, H16, H26 

*) Only extruded products, other grades standardized also or only in form of plate, strip and sheet 

 

Only few grades and tempers are standardized for both offshore and general structural 

use: EN AW-5052 (but not same tempers), EN AW-5083, 5454 and 5754 with tempers 

O and H111, EN AW-6060 and 6063 with tempers T6 and T66, EN AW-6082 with 

tempers T4 and T6 and EN AW-6106 with temper T6. 

5.3 AVAILABLE ALUMINIUM AND ITS ALLOYS 

There are large amount of standardized aluminium and its alloys with different tempers 

in standard EN 485-2 and also in standard SFS-EN 573-3 (cover all the above-

mentioned grades and tempers). More standardized tempers can be found for example in 

standard SFS-EN 515. All grades and tempers are suitable for Arctic environment in the 
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perspective of toughness. Standardized alloys cover yield strengths from 20 MPa (EN 

AW-1050) to 520 MPa (EN AW-7010).  

5.5 UNCERTIFIED ALUMINIUM ALLOYS 

The development of aluminium alloys is focused mainly to improvement of heat-

resistance and, for example, alloys having higher strength or better extrusionability. 

Another main branch is focused on development of aluminium based composites. These 

composites are mainly constructed by adding some particles to traditional grades. 

Composites are used mainly in aerospace and aviation industry, but new composites can 

be used more versatile.  

There are some aluminium alloys which are not standardized in Europe, but for example 

in USA (for example some grades in 7xxx and 8xxx -series). In next chapters are 

introduced some recently developed aluminium alloys with improved properties 

compared to traditional grades. Also heat resistant alloys are examined, because their 

mechanical properties are usually good. 

5.5.1 High-Strength Aluminium Alloys 

High strength aluminium alloys (Rp0,2 in this paper over 400 MPa) are typically 

developed based on standardized grades: usually the base grade is heat treatable 2xxx or 

7xxx series (Dixit et al., 2008, p.163). One traditional problem of some high-strength 

aluminium alloys have been the available thicknesses: only sheet plates with thicknesses 

under about 15 millimeters have been available. These alloys are usually used in 

aerospace and aviation industry. (Lequeu et al., 2010, p.841)  

One typical example of high strength aluminium alloy is in the year 2003 developed 

grade AA7085. This grade has higher zinc along with lower copper content than 

traditional 7xxx series alloys. It has really good fracture toughness and slow quench 

sensitivity (Shuey et al., 2009). Chen et al. (2012) examined effect of different heat 

treatments to strength and corrosion behavior of 150 millimeters thick plate of grade 

AA7085. The highest tensile strength, about 600 MPa, was achieved with traditional 

temper T6. Other tempers included in their study were not so general: T74, 

retrogression and reaging (RRA), dual- retrogression and reaging (DRRA) and high-
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temperature and subsequent low-temperature aging (HLA). (Chen et al., 2012, p.93–95) 

Other 7xxx series alloys, which are not standardized in Europe, are for example grades 

7040 and 7055 (Lequeu et al., 2010, p.841). 

Lequeu et al. (2010) studied the alloy AA2050, which was developed by Alcan 

Aerospace as medium to thick plates. This grade was developed in the year 2004 and it 

has some superior properties compared to traditional grades. One reason for that is 

rather high lithium alloying which increases the elastic modulus and decreases density; 

so it is light weight alloy with increased stiffness. Some lithium containing aluminium 

alloys were developed in the 1980’s, but their properties were not so good (low 

toughness, high anisotropy and poor corrosion resistance). New grade 2050 has 

excellent fracture toughness, corrosion resistance and good fatigue properties and it has 

yield strength about 480 MPa.  

These properties were examined also at –65 C° and no changes were noticed. In 

addition it is 5 % more lightweight and it has about 10 % greater elastic modulus than 

traditional aluminium alloys (76,5 GPa). For the result this alloy is reported to be 

alternative to incumbent grades 7050 and 2024. (Lequeu et al., 2010, p.842–845) Also 

De et el. (2011) studied aluminium-lithium alloys and their properties. Some examined 

alloys had yield strength of almost 600 MPa (De et al., 2011, p.5951). 

5.5.2 Heat Resistant Aluminum Alloys 

It is generally known that aluminium has very low melting temperature compared to 

other structural metals, for example steel. Traditional aluminium alloys are usable only 

at temperatures below 150–230 °C, because after exposing higher temperatures they 

virtually lose their mechanical properties: tensile and yield strength, elastic modulus and 

so on (Lukkari, 2001, p.19). Therefore there have been several studies for developing 

new cost-efficient lightweight structural materials having acceptable heat resistance 

properties (Choi et al., 2011, p.159; Kumar et al., 2010, p.501).  

Choi et al. (2011) recently developed an aluminium alloy Al-1%Mg-1.1%Si-0.8%CoNi, 

which have superior high-temperature properties compared to traditional grades. This 

new alloy is based on the aluminium-magnesium-silicon composition and is 

strengthened by cobalt-nickel based phase. This new alloy has yield strength about 250 
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MPa at room temperature and it does not decrease significantly even if temperature is 

increased to 450 °C (Rp0,2=205 MPa). Decrease is about 20 % for this grade, as it is 

about 87 % for traditional grades at these temperatures. (Choi et al., 2011, p.162)  

Neikov et el. (2008) developed heat resistant aluminium alloy based on Al-Fe-Ce 

composition. The best results of their experiment gave alloy with 9,0 % iron and 4,9 % 

cerium. This alloy had ultimate tensile strength about 550 MPa at room temperature and 

about 300 MPa at temperature of 300 °C. (Neikov et al., 2008, pp.83, 84) 
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6 NANOTECHNOLOGY 

Nanotechnology and its possibilities have developed a lot in past decade. At the 

moment there are few interesting methods, how nanotechnology can be used as a part of 

traditional metallic material technology. Although nanotechnology is already in wide 

commercial use and it has virtually dozens of applications in many industrial branches. 

Here are just few examples to describe how wide the nanotechnology is used: 

 antibacterial packaging materials in food industry, 

 nanoparticles embedded lubricants for different kind of machines, 

 several applications in medical industry, for example in targeted drug delivery,  

 composites with carbon nanotubes in frames of bikes or other sports equipment, 

 different kinds of nanomembranes, nanofilters and nanocatalysts in chemical 

industry. (7th Wave, 2011) 

For traditional metallic material industry maybe the most interesting nano-application is 

nanostructured materials. This production method has been known for years and some 

commercial steel grades are already preferred as nanostructured materials: for example 

pipeline steel X90 is sometimes named as nanostructured steel (Gorynin & Khlusova, 

2010, p.512). The goal of nanotechnology for material’s properties is versatile. Possible 

property improvements are shown in figure 11 and nanostructure aims usually to 

strengthen the material. 

Figure 11. Possibilities of nanotechnology to improve the properties 

of material. (Adapted from Gell, 1995, p.247) 
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6.1 NANOSTRUCTURED CARBON STEELS 

It is generally known that usually the smaller crystal structure metallic material has, the 

better are some mechanical properties, such as strength and toughness. Therefore there 

have been several studies of possibilities of nanostructure materials. This means that 

their crystal structure is embedded with nanoparticles or the sizes of the grains, blocks 

and so on are from few nanometers to few hundreds of nanometers. (Gorynin & 

Khlusova, 2010, p.507) 

Higher requirements for structural steels from different branches of industry have 

shown, that traditional manufacturing methods does not comply the properties of 

demanded steels. It is necessary to ensure high plasticity, viscosity and crack resistance 

from high temperatures to really low, for example –60 °C in Arctic areas. (Gorynin & 

Khlusova, 2010, p.507; Yoonbashi & Yazdani, 2010, p.3200) 

In past few years, studies have shown that Hall–Petch relationship (grain size 

dependence on the improving of properties) can be modified to establish to the 

temperature of the ductile-to-brittle transition. This makes the increasing of structural 

dispersiveness the most preferred method for creating high-resistance steels. In the 

figure 12 can be seen how structural element size effects on the yield point of low 

carbon steels and how the dislocation density chances during decreasing of the 

structural element size. (Gorynin & Khlusova, 2010, p.507) 

Figure 12. Dependence of yield point and structural element 

size. (Gorynin & Khlusova, 2010, p.508) 
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According to Gorynin & Khlusova (2010) the gray area in the graph is the 

accomplished level, and the shaded area is the near future expected area. 

Yoonbashi & Yazdani (2010) studied nanostructured bainitic steel and how to produce 

them with lower cost than normally. First they made a thermodynamic model of the 

steel with chemical composition of 1,2–1,4 % cobalt, 2,1–2,3 % manganese, 0,9–1,1 % 

chromium and another steel was modeled with less cobalt and also with slightly lower 

other alloying elements.  

After modeling they cast the steels and rolled and mechanically formed the steels during 

cooling in the way, which produced nanostructure to these steels. Their experiment 

showed that they succeeded to produce steels without try and error method; these 

bainitic steels had yield strength over 1500 MPa, ultimate tensile strength about 2000 

MPa, hardness about 610 HV and also high total elongation, about 10 %. (Yoonbashi & 

Yazdani, 2010, p.3002–3004) 

6.2 NANOSTRUCTURED STAINLESS STEELS 

Traditional stainless steels have rather small yield point, about 250 MPa. This limits 

their use in supporting structures and other structural use – structural carbon steels have 

already yield points about 1000 MPa. Duplex steels have higher yield points, but they 

are usually more expensive and therefore not so optimal. 

Lately there have been researches about nanostructured stainless steels, which have 

great mechanical properties. For example Forouzan et al. (2010) produced traditional 

AISI 304L with nanostructure through the martensite reversion process. As a result, 

austenitic structure had grain size about 135 nanometers. Yield strength of this steel was 

increased to about 1000 MPa, which is not so significant compared to normal work 

hardened stainless steels. What is significant is that nanostructured steel kept its total 

elongation in really high level, about 40 %, when normal work hardened stainless steel 

has only few percents. (Forouzan et al., 2010, p.7336–7339) 

Rezaee et al. (2011) produced AISI 201L stainless steel with nanostructure through 

advanced thermomechanical treatment. Grain size was reduced to 65 nanometers. This 

200 series stainless steel, which has been alloyed with manganese instead of high nickel 
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content, reached yield point of about 1500 MPa, total elongation about 33 % and 

hardness was about 390 Vickers (HV10). (Rezaee et al., 2011, p.5026–5028) 

6.3 NANOPARTICLE EMBEDDED ALUMINIUM ALLOYS 

Traditional high strength aluminium alloys have yield strength about 500–600 MPa, 

which can be considered as really high strength for aluminium alloy. About decade ago 

Islamgaliev et al. (2001) produced an aluminium alloy with really high strength and 

good total elongation through severe plastic deformation. This leaded to structure with 

grain size less than 100 nanometers and it also contained nanoparticles with size less 

than 50 nanometers. Fabricated alloy (original alloy was Russian V96Z1, which quite 

good corresponds to the alloy EN AW-7149) had yield point of 750 MPa and elongation 

of 20 %. (Islamgaliev et al., 2001, p.878–881) 

Recent nanoparticle experiments with aluminium are often linked to friction stir 

processes. For example Sharifitabar et al. (2011) studied the effect of aluminium oxide 

particles on the alloy 5052 with temper H32. They added nanosize particles as a powder 

to the base material via friction stir process. Particle size was about 50 nanometers. 

Friction stir treatment with powder increased the tensile strength about 20 % (from 

about 220 MPa to 260 MPa). Yield strength was originally 150 MPa and it decreased to 

about 130 MPa while elongation increased from 11 % to 18 %. (Sharifitabar et al., 

2011, p.4169–4171) 
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7 RESULTS AND DISCUSSION 

Arctic area is a harsh environment, where large amount of natural resources are located. 

Applications need to be designed properly and material behavior has to be fully 

understood, because conditions there are extreme. Used materials have to stand at least 

–40 °C, but also almost –70 °C have been measured in Arctic. For onshore application 

the melting permafrost has shown to cause serious problems for pipelines. The most 

important and interesting property, when materials are chosen to cold environment, is 

the toughness. Toughness is wide concept and it can be separated to different parts; 

fracture toughness, impact toughness and crack arrest toughness. 

At the moment there are standardized and certified carbon steels, which can be used in 

Arctic areas. Shipbuilding steels have minimum testing temperature –60 °C, class F and 

–40°C, class E. Highest certified strength in shipbuilding steels is 690 MPa. Some steels 

for fixed offshore applications and also general structural steels have to be tested at 

temperatures of –40 °C, –50 °C or –60 °C. Highest standardized strength of steel for 

fixed offshore applications is 500 MPa and for structural uses 700 MPa. In fixed 

offshore use for major primary structures these testing temperatures means that these 

steels can be used at temperature of –10 °C or minimum –30 °C (LAST - 30 °C 

demand), so virtually it is not enough for Arctic environment, where temperatures are 

usually below –40 °C. Based on different studies, pipeline steels can be manufactured to 

be suitable for Arctic environment. Highest standardized yield strength of pipeline steel 

is 830 MPa. 

Availability of carbon steels differs in different classes. Class with strength under and 

including 235 MPa (NS) does not have any structural steel and class over 235 up to and 

including 400 MPa (HS) does not have structural steels with improved toughness at –60 

°C. Class 400 up to and including 700 MPa (EHS) have lots of different kinds of steels, 

which are suitable for Arctic conditions. Class over 700 MPa (UHS) have only 

structural steels and one pipeline steel, from which the structural steels are not 

standardized in Eurocode. That means that there is no designing guidance or rules for 

those ultra high strength steels. 

New steels can be manufactured to be really tough, but usually joining (for example 

welding) of these steels makes their properties worse and the joining technology is 
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usually the limiting factor. The most common carbon steels, which are in use at subzero 

temperatures at the moment, have yield strength from 355 to 500 MPa and weldability 

of these steels is good. Large pipelines, which are built through Arctic areas, have yield 

strength about 500MPa and also slightly over. 

Aluminium alloys or stainless steels are not usually used in primary structures for 

offshore or onshore applications in cold environment, even if they are well suitable for 

subzero temperatures (they are not susceptible for brittle fracture). Modern high-

strength aluminium alloys have yield strength over 500 MPa and they are readily 

available. Some properties of aluminium limit the use; for example the elastic modulus 

is quite small and their weldability is not so good compared to steels. 

Recent studies have shown that austenitic and austenitic-ferritic stainless steels can be 

manufactured without nickel and that those steels have higher strength than traditional 

ones; austenitic steels with yield strength about 500 MPa and duplex grades over 800 

MPa. Even other properties – for example toughness, hardness, corrosion resistance – 

do not get worse compared to some traditional grades. In ferritic grades huge 

development has been done in recent years – some are tough even at for example –60 

°C and have yield strength about 1000 MPa. Super martensitic grades are also really 

tough and have superior properties, for example yield strength over 1000 MPa. The use 

of SMSSs have been increased in recent years. Stainless steels, even if they are nickel-

free, might be too expensive to be used for primary structures, but in other aspects they 

are really good choice for cold environment. 

Nanotechnology has made it possible to manufacture steels to have really high strength 

without losing good ductility. New materials and manufacturing methods are being 

developed in fast cycle but standardization of them is not so fast. It is interesting to see, 

how and when nanotechnology fully penetrates to metallic materials industry – tests 

have shown that nanostructured materials have really good toughness, elongation and 

ultra high strength. Some recently developed nanostructured carbon steels have yield 

strength even over 1500 MPa and they have really high impact toughness and also 

elongation has been rather high, about 10 %. In category of stainless steels scientists 

have developed grades with yield strength of 1000 MPa with 40 % elongation and even 

1500 MPa with 33 % elongation. Nanostructured aluminium alloys have been 

manufactured to have yield strength of 750 MPa with 20 % elongation. 
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Fracture behavior of new really high strength steels is not fully understood. This has 

been noticed from different kind of tests, where pipeline steels have been tested for 

example in full-scale lines; even if steels have been accepted through Charpy impact 

tests, they have broken up brittle in test. Rather new testing methods, CTOD and 

CTOA, have showed up to be good choices to estimate fracture behavior of new steels, 

but these methods are not so simple compared  to Charpy impact test and the results are 

not so unambiguous or comparable. It seems that materials have been developed to 

manage well in Charpy impact test and now some unknown properties, which affect on 

fracture properties of ultra high strength steels, have not been noticed. A lot of 

discussion is linked to usability of Charpy testing method and how testing results should 

be plotted, especially with new steel grades. 

As was mentioned, writing of standards or other rules is not so fast than development of 

new materials. This is one reason, why class 500 MPa steels are in use at the moment, 

even if class 690 MPa steels are certified for shipbuilding. In general, there are not yet 

proper standards for structures, which are located in Arctic area. Normal standards for 

petrochemical industry have different rules for designing offshore application. One rule 

is that certain structures have to be tested 30 °C below lowest anticipated service 

temperature (LAST). This means Charpy testing temperature below –80 °C for some 

steels in certain places. At the moment only nickel alloyed steels can manage through 

this kind of demand. General opinion from different references keeps the demand “30 

°C below LAST” too hard or senseless for Arctic applications. There are some conflicts 

between standards and rules from classification societies. They are usually linked to 

stainless steels or aluminium alloys and for carbon steels, the demands between each 

other are very similar. 

For future development, it is important to examine how well CTOA and CTOD tests 

follow the fracture behavior of new ultra high strength steels, stainless steels and 

aluminium alloys. Also other possible testing methods should be considered. New 

standards for applications for Arctic areas are really needed and they are already under 

development. Joining methods for new materials (especially steels), which have 

nanosize crystal structure, needs to be examined. Reason for this is that the toughness 

and strength of new metallic materials are usually linked to really small, even nanosize, 
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crystal structure, and welding (or more accurately, heat) can cause some serious changes 

to properties of these materials.  

One important goal is to clarify the designing rules and regulations in steel building 

industry, especially for applications in really cold environment and/or offshore. One 

question is that which standard or classification has to be used, when different kind of 

structures are constructed to Arctic areas – wind mills, onshore oilrigs and other 

onshore buildings (situation is quite clear for offshore applications). Future 

developments and research recommendations are listed in table 32. 

Table 32. Revealed future developments and research recommendations based on this 

thesis. 

Future developments Research recommendations 

- Clarification of designing rules and 

regulations 

- New standards for cold 

environment 

- Joining methods and technologies 

for new materials 

- Comparing of different test 

methods (CTOD, CTOA, DWTT, 

CVN, etc.) 

- Development of database on 

materials and technologies 
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8 SUMMARY 

This Master’s Thesis is part of an Arctic Materials Technologies Development –project, 

which concerns South-East Finland-Russia ENPI CBC programme 2007-2013               

–program. The main target of this study is to clarify what kind of metallic materials are 

used or can be used in Arctic areas. Carbon steels, stainless steels and aluminium and its 

alloys were under examination. These metallic materials were studied in three 

categories: materials in offshore use, general structural use and as a pipeline material. 

Also possibilities of nanotechnology for improvement of properties of metallic 

materials were studied, mainly through examples. 

Arctic has really harsh conditions and temperature drops down to about –40 °C in any 

area in Arctic. This gives the base demand for examination of suitable materials: they 

have to be ductile at least in this temperature. Different testing methods measure the 

behavior of materials, from which the Charpy impact test is maybe the most important 

at the moment. It reveals the temperature, where material´s fracture mode changes from 

ductile to brittle. Also other newer testing methods are in use, for example crack tip 

opening displacement (CTOD), crack tip opening angle (CTOA) and drop-weight tear 

test (DWTT). New methods are more practical, because usually they are executed with 

full-size (actual size or thickness) test piece, but the results are difficult to compare and 

there are no standardized demands for these tests in Europe. 

At the moment carbon steels are manufactured to respond the demands of different 

industries and for example extra high strength shipbuilding steels (class 690 MPa) are 

available with approved impact properties at –60 °C. These steels are not yet in use, but 

classes 500 MPa and 355 MPa are used in ice breakers, oil rigs and so on. Austenitic 

stainless steels and aluminium alloys are also suitable for cold environment, because 

they are not susceptible to brittle failure, but they are not economical choice. Also some 

duplex grades, new super martensitic and super ferritic grades might be used at low 

temperatures (–40…–80 °C).  

Recently developed manufacturing methods, which include also nanotechnology, make 

materials even tougher and more durable. This sets up new challenges for 

manufacturing methods, like welding or cold forming. 
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APPENDIX 1. Standardized or classified high strength steels for low temperature 

service. These steels have yield point exceeding 235 up to 400 MPa. These steels have 

transition temperature from –40 °C to above –60 °C. 

Steel name / number Use 
Classification / 

Standard 

ReH  

[MPa] 

Charpy-V impact 

energy @ T 

S275NL  GS SFS-EN 10025-3 275 27 J @ –50 °C / L 

S355NL GS SFS-EN 10025-3 355 27 J @ –50 °C / L 

S275ML GS SFS-EN 10025-4 275 27 J @ –50 °C / L 

S355ML GS SFS-EN 10025-4 355 27 J @ –50 °C / L 

P255QL GP SFS-EN 10216-4 255 40 J @ –50 °C / L 

P265NL GP SFS-EN 10216-4 265 40 J @ –40 °C / L 

E27S OF, OV CS 265 27 J @ –40 °C / L 

EW27 OF, OV CS 265 40 J @ –40 °C / T 

E32 OF, OV CS 315 31 J @ –40 °C / L 

EW32 OF, OV CS 315 44 J @ –40 °C / T 

E36 OF, OV CS 355 34 J @ –40 °C / L 

EW36 OF, OV CS 355 50 J @ –40 °C / T 

E40 OF, OV CS 390 37 J @ –40 °C / L 

EW420 OF, OV CS 420 60 J @ –40 °C / T 

EW460 OF, OV CS 460 60 J @ –40 °C / T 

EW500 OF, OV CS 500 60 J @ –40 °C / T 

S355G3 OF SFS-EN 10225 355 50 J @ –40 °C / L 

S355G6 OF SFS-EN 10225 355 50 J @ –40 °C / L 

S355G7 OF SFS-EN 10225 355 50 J @ –40 °C / T 

S355G8 OF SFS-EN 10225 355 50 J @ –40 °C / T 

S355G9 OF SFS-EN 10225 355 50 J @ –40 °C / T 

S355G10 OF SFS-EN 10225 355 50 J @ –40 °C / T 

OP=Offshore pipeline GS=General structures L=longitudinal 

OF=Offshore fixed applications GP=General pipeline T=transverse 

OV=Offshore vessels CS=Classification societies  

 

 

 

  



 

 

 

APPENDIX 2. Standardized or classified extra high strength steels for low temperature 

service. These steels have yield point exceeding 400 up to 700 MPa. These steels have 

transition temperature from –40 °C to above –60 °C. 

Steel name / number Use 
Classification / 

Standard 

ReH   

[MPa] 

Charpy-V impact 

energy @ T 

E420 OV, OF CS 420 42 J @ -40 °C / L 

E460 OV, OF CS 460 46 J @ -40 °C / L 

E500 OV, OF CS 500 50 J @ -40 °C / L 

E550 OV, OF CS 550 55 J @ -40 °C / L 

E620 OV, OF CS 620 62 J @ -40 °C / L 

E690 OV, OF CS 690 69 J @ -40 °C / L 

EW420 OV, OF CS 420 60 J @ -40 °C / T 

EW460 OV, OF CS 460 60 J @ -40 °C / T 

EW500 OV, OF CS 500 60 J @ -40 °C / T 

S420NL GS SFS-EN 10025-3 420 27 J @ -50 °C / L 

S460NL GS SFS-EN 10025-3 460 27 J @ -50 °C / L 

S420ML GS SFS-EN 10025-4 420 27 J @ -50 °C / L 

S460ML GS SFS-EN 10025-4 460 27 J @ -50 °C / L 

S460QL GS SFS-EN 10025-6 460 30 J @ -40 °C / L 

S500QL GS SFS-EN 10025-6 500 30 J @ -40 °C / L 

S550QL GS SFS-EN 10025-6 550 30 J @ -40 °C / L 

S620QL GS SFS-EN 10025-6 620 30 J @ -40 °C / L 

S690QL GS SFS-EN 10025-6 690 30 J @ -40 °C / L 

S420G1+M OF SFS-EN 10225 420 60 J @ -40 °C / T 

S420G2+M OF SFS-EN 10225 420 60 J @ -40 °C / T 

S460G1+M OF SFS-EN 10225 460 60 J @ -40 °C / T 

S460G2+M OF SFS-EN 10225 460 60 J @ -40 °C / T 

 

OP=Offshore pipeline GS=General structures L=longitudinal 

OF=Offshore fixed applications GP=General pipeline T=transverse 

OV=Offshore vessels CS=Classification societies  

  



 

 

 

APPENDIX 3. Temper conditions of aluminium and its alloys. All tempers mentioned 

in this thesis are introduced in this appendix. In addition some other important ones are 

explained too. (SFS-EN 515, 1993, p.22–29) 

Temper Definition 

F as fabricated (no mechanical property limits specified) 

O 
annealed – products achieving the required annealed properties after hot forming 

processes may be designated as O temper 

H11 annealed and slightly strain-hardened 

H12 strain-hardened – 1/4 hard 

H14 strain-hardened – 1/2 hard 

H16 strain-hardened – 3/4 hard 

H111 
annealed and slightly strain-hardened (less than H11) during subsequent operations 

such as stretching or leveling 

H112 
slightly strain-hardened from working at an elevated temperature or from a limited 

amount of cold work (mechanical property limits specified) 

H116 

Applies to products, made of those alloys of the 5xxx group in which the magnesium 

content is 4 % or more, and for which there are mechanical property limits and a 

specified resistance to exfoliation corrosion. 

H22 strain-hardened and partially annealed – 1/4 hard 

H24 strain-hardened and partially annealed – 1/2 hard 

H26 strain-hardened and partially annealed – 3/4 hard 

H32 strain-hardened and stabilized – 1/4 hard 

H34 strain-hardened and stabilized – 1/2 hard 

H36 strain-hardened and stabilized – 3/4 hard 

H321 
strain-hardened and stabilized – 1/4 hard, applies to aluminium-magnesium alloys 

and for which exfoliation and intergranular corrosion resistance are specified 

T4 solution heat-treated and naturally aged 

T5 cooled from an elevated temperature shaping process and then artificially aged 

T6 solution heat-treated and then artificially aged 

T6151 

solution heat-treated, stress-relieved by stretching a controlled amount (permanent 

set 0,5 % to 3 % for sheet, 1,5 % to 3 % for plate) and then artificially aged in 

underageing conditions to improve formability. The products receive no further 

straightening after stretching 

T651 

solution heat-treated, stress-relieved by stretching a controlled amount (permanent 

set 0,5 % to 3 % for sheet, 1,5 % to 3 % for plate, 1 % to 3 % for rolled or cold-

finished rod and bar, 1 % to 5 % for hand or ring forging and rolled ring) and then 

artificially aged. The products receive no further straightening after stretching 

T66 
solution heat-treated and then artificially aged – mechanical property level higher 

than T6 achieved through special control of the process (6000 series alloys) 

T74 solution heat-treated and then artificially overaged 

  


