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Abstract 

Pipes can be manufactured by welding spirals of hotïrolled linepipe steels. This 

process has a cost advantage relative to one in which the steel is seam welded after 

bending into a tubular shape. Even though properties such as the Charpy toughness 

and strength meet minimum specifications, the existence of anisotropy can 

compromise, for example, the stability of the pipe to buckling. In the case of spiral 

pipes, the least tough Charpy orientation also happens to coincide with the 

circumferential direction which experiences the largest stress. 

The aim of the work presented in this thesis was to examine the possible factors of 

the anisotropy of Charpy properties in the hotïrolled linepipe steels. Six alloys of 

grade APIïX70 and X80 have been investigated. Regardless of their different 

chemical compositions and processing variables, all the steels show similar 

anisotropy features; the ductileïtoïbrittle transition temperature is highest for the 

Charpy specimens machined in a diagonal direction relative to the rolling direction. 

It is known that orientationïdependent properties in linepipe steels correlate with 

inclusions, microstructural anisotropy and unfavourable crystallographic texture. In 

the present study, the occurrence of delamination and preferential alignment of {100} 
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ferrite cleavage planes are found to be key factors in determining the observed 

anisotropy in Charpy properties. Delamination is related to the presence of banding 

in hotïrolled steels, and the additional plasticity it entails during the process of 

fracture leads to an effective increase in toughness. As a consequence, the 

toughness is worst when the Charpy specimen is machined at 45° to the rolling 

direction because the extent of delamination at that orientation is minimal. 

The crystallographic texture also leads to a greater propensity of {100} ferrite 

planes parallel to the fracture surface for the 45° orientation, leading to a further 

decrease in toughness. Even though delamination was avoided since microstructural 

banding was eliminated after a quenching heat treatment, the crystallographic 

texture was retained due to the texture memory effect so that anisotropic mechanical 

properties resisted. 

This implies that the anisotropy in hotïrolled steel is the essence of the problem 

because the microstructural banding and the typical rolling and transformation 

textures, {112}<110> and {001}<110> of ferrite, cannot be avoided in hotïrolled 

steels. 
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Nomenclature and Abbreviations 

 crack tip opening displacement  ‏

‎  plastic work per unit area 

‎  surface energy per unit area 

’  Poissonôs ratio 

‘  shear modulus of the material 

„   applied stress 

„   critical stress 

„    dislocation strengthening stress 

„   fracture stress 

„   lattice friction stress 

„    precipitation strengthening stress 

„   solid solution strengthening stress 

„    texture strengthening stress 

„   yield stress 

”   density of grain boundary 

ὥ  atomic distance 

ὧ  the half of initial crack length 

Ὠ  grain size 

Ὧ  constant for yield stress 

Ὁ  Youngôs modulus of the material 

Ὁ   kinetic energy 
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Ὃ  energy release rate 

ὑ  stress intensity factor 

ὑ  critical stress intensity factor 

ὑ   fracture toughness 

ὒ   length of grain boundary 

Ὑ  force of crack resistance 

Ὗ   total elastic energy 

Ὗ  total surface energy 

 

Ŭ  ferrite 

Ŭb  bainite 

Ŭlb  lower bainite 

Ŭub  upper bainite 

Ŭô  martensite 

ɔ  austenite 

ŭ  delta ferrite 

ɗ  cementite 

 

Ac1 temperature at which ɔ begins to form during heating at a 

specified rate 

Ac3 temperature at which transformation of Ŭ to ɔ is completed during 

heating at a specified rate 
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Ac4 temperature at which ɔ transforms to ŭ during heating at a 

specified rate 

Ae1  lower temperature limit of the equilibrium Ŭ + ɔ phase field 

Ae3  upper temperature limit of the equilibrium Ŭ + ɔ phase field 

Ae4 temperature of phase changes between ɔ and ŭ at the equilibrium 

transformation 

Ar1 temperature at which transformation of ɔ to Ŭ or Ŭ plus ɗ is 

completed during cooling at a specified rate 

Ar3 temperature at which ɔ begins to transform to Ŭ during cooling at 

a specified rate 

Ar4 temperature at which ŭ transforms to ɔ during cooling at a 

specified rate 

Bs temperature at which transformation of ɔ to Ŭb starts during 

cooling 

Bf temperature at which transformation of ɔ to Ŭb is substantially 

completed 

Ms temperature at which transformation of ɔ to Ŭô starts during 

cooling 

M f temperature at which transformation of ɔ to Ŭô is substantially 

completed 

 

API  American Petroleum Institute 

ASTM  American Society for Testing and Materials 



 

xii  

BCC  BodyïCentred Cubic 

CT  Coiling Temperature 

CTOD  Crack Tip Opening Displacement 

CVN  Charpy V Notch 

DBTT  DuctileïtoïBrittle Transition Temperature 

DD  Diagonal Direction 

EBSD  Electron BackïScattered Diffraction 

ED  Extrusion Direction 

EDS  Energy Dispersive XïRay Spectroscopy 

FCC  FaceïCentred Cubic 

FESEM  FieldïEmission Scanning Electron Microscopy 

FETEM  FieldïEmission Transmission Electron Microscopy 

FRT  Finish Rolling Temperature 

GOS  Grain Orientation Spread 

HAZ  Heat Affected Zone 

HIC  HydrogenïInduced Cracking 

M/A  MartensiteïAustenite constituent 

MAP  Materials Algorithms Project 

MTDATA  Metallurgical and Thermochemical Databank 

ND  Normal Direction 

ODF  Orientation Distribution Function 

ODS  Oxide Dispersion Strengthened 

OM  Optical Microscopy 



 

xiii  

RA  Retained Austenite 

RD  Rolling Direction 

RH  Rheinstahl and Heraeeus 

SCC  StressïCorrosion Cracking 

SCT  Start Cooling Temperature 

SD  Short transverse Direction 

SEM  Scanning Electron Microscopy 

STEM  Scanning Transmission Electron Microscopy 

TD  Transverse Direction 

TE  Total Elongation 

TEM  Transmission Electron Microscopy 

TEMP  Temperature 

TMP  ThermoïMechanical Processing 

UE  Uniform Elongation 

UTS  Ultimate Tensile Strength 

XRD  XïRay Diffraction 

YS  Yield Strength 
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Chapter I. Introduction 

Linepipe steels have for many decades been in demand but are becoming vital 

because there is an expansion in the need to transport fossil fuels over large 

distances and in dire environments. There are many essential properties for linepipe 

steels. They need to be weldable, possess a low yield to ultimate tensile strength 

ratio for safe design, and suitable strength and toughness for transporting fluids at 

high pressures. It is necessary for the steel to resist hydrogenïinduced cracking and 

sulphide stressïcorrosion cracking because lowïgrade petroleum wells contain 

hydrogen sulphide. 

In order to lower the cost of construction, it is desirable to replace expensive thick 

plates by cheaper, hotïrolled spiralïwelded pipes. But, largeïcalibre spiralïwelded 

pipes have not been exploited fully  due to their anisotropy of mechanical properties 

and decrease in strength after pipe forming [Seo et al., 2007; Kim and Bae, 2008]. 

The anisotropy of toughness is a particular problem, with toughness depending on 

the orientation relative to the rolling direction. The latter is of course the 

circumferential direction of spiralïwelded pipe, which normally experiences the 

highest load (hoop stress), would have weakest toughness and strength than other 

orientations [Ki m and Bae, 2008]. This increases the chances of fracture [Kang et 

al., 2004; Stalheim et al., 2007]. It is the purpose of the present work to understand 

the orientation dependence of the Charpy energy. 

The orientation dependence of toughness is a wellïknown phenomenon for hotï

rolled steels [Fegredo, 1975; Ray et al., 1995]. There have been many attempts to 
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understand and control the toughness anisotropy. Three factors have emerged from 

previous research, the nonïuniform distribution of inclusions with various sizes and 

shapes, microstructural anisotropy due to banding and crystallographic texture. The 

current research is an attempt to describe primarily the X80 grade of API linepipe 

steel and its mechanical properties, particularly the toughness at the temperatures 

below -20 °C. 
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Chapter II. Literature Review 

2.1. Austenite to Ferrite Phase Transformation 

The different forms of ferrite (Ŭ) that form during the solidïstate transfer of 

austenite (ɔ) in steels can be categorised into reconstructive or displacive. The 

former transformation involves the redistribution of atoms between parent and 

product phase by a process of diffusion. Atoms are thermally activated to undergo 

random jumps across the transformation interface in a manner which minimises 

strain energy. Any resulting shape deformation is due to the change in density 

accompanying transformation. Therefore, reconstructive transformation may not 

occur at low temperatures where atomic mobility is limited. Allotriomorphic ferrite, 

idiomorphic ferrite [Dubé et al., 1958; Bhadeshia, 1985] and pearlite [Sorby, 1886; 

Ridley, 1984; Howell, 1998] belong to this class of transformation. 

During displacive transformation, the atoms move less than an interatomic distance 

and preserve positional relationships with respect to their neighbours. The 

deformation from the parent crystal lattice to that of the product results in the 

formation of thin plates because this is the shape which minimises strain energy. 

Normally, an invariantïplane strain shape deformation with a large shear 

component results. So the transformation can occur at low temperatures because the 

diffusion of substitutional elements is not necessary. Widmanstätten ferrite [Watson 

and McDougall, 1973], bainite [Ko and Cottrell, 1952; Srinivasan and Wayman, 

1968; Swallow and Bhadeshia, 1996], acicular ferrite [Strangwood and Bhadeshia, 

1987; Babu and Bhadeshia, 1992] and martensite [Greninger and Troiano, 1940; 
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Bowles and MacKenzie, 1954; Wechsler et al., 1953] are in the displacive category. 

The scheme is summarised in Fig. 2.1. The term ñparaequilibriumò means that the 

carbon can be partitioned but the substitutional atoms do not diffuse, so the ratio of 

the substitutional to iron atoms is unchanged by transformation [Bhadeshia, 2001]. 

 

Figure 2.1. Summary of the variety of phases generated by the 

decomposition of austenite. Courtesy of H. K. D. H. Bhadeshia [Bhadeshia, 

2001]. 
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2.2. Linepipe Steels 

Linepipe steels are used mostly for the economic transmission of crude oil and 

natural gas from regions in which the fuels are mined, to those where they are 

utilised to generate energy. Table 2.1 summarises the enormous level of linepipe 

construction that is currently in progress. 

 

Table 2.1. High strength linepipe projects over the period 2007ï2012 

[Liessem et al., 2008]. The X100 grade is at a trial stage. 

Region Length (km) Grade 

North America 11,000 X80/X100 

Russia 2,000 X80 

China 8,000 X80 

Europe 500 X80 

 

There are many technical challenges for linepipe steels. These include a need for 

homogeneous microstructure and properties, weldability, a low yield to ultimate 

strength ratio with safe design, and obviously, a high level of toughness. Indeed, the 

quality required is likely to be much more demanding as pipe engineering enters the 

era of difficult environments, whether these are in the deep oceans of Brazil or in 

the freezing climates of Siberia and Alaska. Fortunately, the steel makers have 

developed an excellent combination of required strength and toughness steels for 

the pipe by optimizing technologies such as microalloying and thermoïmechanical 

processing. The strength not only helps transmit fluids at higher pressures, but can 
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achieve better design when the weight can be reduced in the context of pipes which 

have to hang from an oceanïsurface collection vessel. The toughness helps mitigate 

disasters, particularly the longïrange propagation of highïvelocity cracks [Kim, 

1983; Fairchild et al., 2002; Corbett et al., 2004]. Lowïgrade petroleum wells 

contain much sour gas (H2S), so the steels particularly need to resist hydrogenï

induced cracking (HIC) and stressïcorrosion cracking (SCC). Further issues arise 

because significant changes occur in mechanical properties after pipeïforming, such 

as the change of yield strength, a decrease in impact toughness due to the work 

hardening and so on [Seo et al., 2007; Kim and Bae, 2008]. These and other 

requirements needed to ensure integrity during service are wellïknown and to a 

large extent understood and incorporated into practice, both via specifications and 

detailed analysis. 

 

2.2.1. Characteristics of linepipe steels 

The grade designation of linepipe steel follows the standards of the American 

Petroleum Institute (API). The designation is categorised by the yield strength 

expressed in megagrams per square inch, for example X42, X60, and so on. The 

yield strength can be described by a modified HallïPetch equation [Hall, 1951; 

Petch, 1953]. 
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 „ „ „ „ „ „ ὯὨ Ⱦ (2-1)  

„ :  lattice friction stress 

„  :  solid solution strengthening stress 

„  :  precipitation strengthening stress 

„  :  dislocation strengthening stress 

„  :  texture strengthening stress 

Ὧ :  constant 

Ὠ :  ferrite grain size 

 

Recently, X60, X70 and X80 grades have seen wide application, although even 

stronger alloys such as X100 have yet to be full commercialised. Table 2.2 shows 

the standard for X65 ~ X80 [API Recommended Practice, 1996], but it can be 

modified by the demands of customers or the conditions in which the steels will be 

used. Normally, the steels contain other alloying elements such as nickel, 

molybdenum, copper, aluminium, etc. to control the mechanical properties required. 

Beyond the high strength and elongation values listed in Table 2.2, the lowï

temperature toughness may be improved by grain refining and reducing the carbon 

concentration. The latter can be particularly helpful in enhancing weldability. HIC 

and SCC resistance can be improved by reducing impurity concentrations through 

the control of nonïmetallic inclusions in the steel. The actual chemical 

compositions of the X65, X70 and X80 steels are listed in Appendix A. 
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2.2.2. Microstructure of linepipe steels 

The microstructures of linepipe steels are complicated because of the nature of 

alloying and processing. This is in contrast to the equiaxed ferritic microstructures 

of conventionally hotïrolled steels. Linepipe steel microstructures can be divided 

essentially into the following fundamental phases [Kim, 1983]: 

 

1. Allotriomorphic ferrite ï pearlite steels. 

2. Acicular ferrite or bainitic steels. 

3. Multiïphase steels. 

 

Ferriteïpearlite steel, which has 0.1 ~ 0.2 wt% carbon and micro alloying elements 

such as niobium, titanium and vanadium for strength hardening, is used to make 

steel less strong than the X70 grade. Usually it shows the banding of pearliteïrich 

and ferriteïrich area. It was developed at 1950s but still widely used with 

improvements resulting from better controlled rolling technologies. Acicular ferrite 

steel has also been available for some time but this microstructure can now be 

produced economically in low carbon (0.02 ~ 0.08 wt% C) steel due to the 

development of the RH (Rheinstahl and Heraeeus) refining process. This involves 

degassing and stirring of the melt using argon injection into a vacuum vessel in 

order to reduce the nonïmetallic inclusions. This process is used to make steels 

mechanically superior to the X70 grade [Wilson, 1965]. Multiphase steel has bainite, 

martensite, retained austenite and carbonitride in the ferrite matrix. It is used to 
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make alloys exceeding the specifications of the X100 grade. Fig. 2.2 shows a 

summary of linepipe steels with alloying elements according to the microstructure 

and thermoïmechanical processes [Sage, 1981]. 

 

Table 2.2. The specification API 5L. 

(a) The regulation of chemical composition (Ladle, wt%). 

Grade Carbon Manganese Phosphorus Sulphur Niobium Vanadium 

X65 Ò 0.26 Ò 1.40 Ò 0.04 Ò 0.05 Ó 0.005 Ó 0.005 

X70 Ò 0.23 Ò 1.60 Ò 0.04 Ò 0.05  ᶅ  ᶅ

X80 Ò 0.18 Ò 1.80 Ò 0.03 Ò 0.018  ᶅ  ᶅ

(According to the demands of customer, other alloying elements can be added.) 

 

(b) Mechanical properties. 

Grade 
Yield strength 

(MPa) 

Tensile strength 

(MPa) 

Yield ratio 

(%) 

Elongation 

(%, 50.8 mm of 

gauge length) 

X65 Ó 448 Ó 530 Ò 90 

Ὡ φςυȟπππ
ὃȢ

ὟȢ
 X70 Ó 482 Ó 565 Ò 90 

X80 Ó 551 620 ~ 827 Ò 93 

e : minimum elongation in 50.80 mm of gauge length in percent to nearest 1/2 

percent. 

A : crossïsectional area of the tensile specimen in mm
2
 based or specified outside 

diameter or nominal specimen width and specified wall thickness rounded to the 

nearest 6.5 mm
2
 or 484 mm

2
. 

U : specified minimum ultimate tensile strength (MPa). 
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Figure 2.2. Summary of Steel pipes in production for high strength steel 

linepipes in Europe, the Americas and Japan. Adapted from [Sage, 1981]. 
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2.2.3. Constituents of linepipe steels 

Allotriomorphic ferrite 

The allotriomorphic ferrite (also loosely referred to as proeutectoid ferrite, grain 

boundary ferrite or polygonal ferrite) [Bhadeshia, 1985] is the first phase to 

transform from austenite on cooling over the whole range of composition and 

temperature. It starts to transform just below the Ar3 temperature and is 

characterized by low dislocation densities and the absence of substructure. An 

allotriomorph means that it has a shape which does not reflect its internal crystalline 

symmetry. It nucleates at ɔ/ɔ grain boundaries and grows along those boundaries by 

a reconstructive transformation. Their growth is not restricted by austenite grain 

boundaries. The growth of allotriomorphic ferrite is determined by the transfer of 

substitutional atoms across ɔ/Ŭ boundaries and of carbon atoms by diffusion. The 

allotriomorphic ferrite has a coherent orientation with one of the adjacent austenite 

grains, but a chance with any other adjacent austenite grain orientation. Therefore, it 

may be crystallographically facetted on one side but with a curved boundary on 

other faces [Bhadeshia and Honeycombe, 2006]. 

 

Pearlite 

Pearlite is a lamellar mixture of ferrite and iron carbide (cementite) where a pearlite 

colony is a bicrystal of cementite (ɗ) and Ŭ, growing at a common front with the ɔ. 

The growth follows reconstructive transformation, so the rate may be controlled by 
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the diffusivity of the relevant atoms. The structure resembles the iridescence of a 

pearl, hence the name was given as pearlite [Sorby, 1886; Ridley, 1984; Howell, 

1998]. 

 

Figure 2.3. Optical micrograph of weld metal, with the martensite after 

quenching process and the allotriomorphic ferrite (white area) all along the 

austenite grain boundaries. Courtesy of S. S. Babu [Babu, 1991]. 

 

 

Figure 2.4. SEM micrograph of medium carbon steel with pearlite. 

Reproduced from [Yi, 2010] with permission from Elsevier. 
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Bainitic ferrite 

Bainite (Ŭb) is a nonïlamellar structure of ferrite, with or without carbides. During 

bainitic transformation, ferrite grows first, and precipitation of carbides can follow. 

The ferrite is in the form of clusters of thin platelets, called subïunits, and the 

aggregates of plates are called sheaves. It follows a displacive transformation 

mechanism, with an accompanying invariantïplane strain shape deformation with a 

large shear component and occurs without the partitioning of substitutional alloying 

elements. Bainite can be obtained by isothermal transformation at all temperatures 

where the formation of pearlite and allotriomorphic ferrite is sluggish, and also at 

temperatures below that at which martensite occurs. There are two morphological 

variants in steel, upper and lower bainite. Upper bainite (Ŭub), which forms at 

relatively high temperatures, consists of sheaves or groups of parallel ferrite crystals, 

in the form of laths or plates, with discontinuous interlath cementite particles. In 

contrast, lower bainite (Ŭlb) is characterised by ferrite plates which contain fine 

carbides at angles around 55° to 60° to the long axis of the ferrite. Upper bainite is 

obtained if the time taken for the carbon diffusion process is smaller than that 

required for the precipitation of carbides in the bainitic ferrite. So normally the 

upper bainite does not contain carbides in the ferrite when lower bainite is 

conventionally classified that it is in the form of ferrite with carbides being present 

inside the ferrite [Bhadeshia, 2001]. 
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Figure 2.5. The images of bainite. (a) Distribution of cementite particles 

between the ferrite platelets in upper bainite (AISI 4340 steel). (b) Lower 

bainite obtained by isothermal transformation for a short time period (435 °C, 

10 min) in Feï0.3Cï4.08Cr wt%. Courtesy of H. K. D. H. Bhadeshia 

[Bhadeshia, 2001]. 

 

Acicular ferrite 

Acicular ferrite can be classified as bainitic ferrite since the transformation 

mechanism and the forming temperature of acicular ferrite are similar to that of 

bainitic ferrite. By inoculating molten steel with controlled additions of nonï

metallic particles, bainite can be nucleated intragranularly on the inclusions, i.e. the 

plates of bainite nucleate heterogeneously on the inclusions and radiate in many 

(a) (b) 
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different directions from the nucleation sites. This intragranularly nucleated bainite 

is called ñacicular ferriteò [Bhadeshia and Honeycombe, 2006]. The major 

difference between bainite and acicular ferrite comes from the morphology of their 

microstructures because the former nucleates at austenite grain surfaces and hence 

grows in the form of sheaves of parallel platelets when the latter nucleates on the 

inclusions and has much more disorganized microstructure with adjacent platelets 

pointing in different directions. Therefore, the microstructure of acicular ferrite is 

described as chaotic with a larger ability to deflect cracks. Therefore, it is believed 

that the acicular ferrite is beneficial to the mechanical properties since it has fine 

grains and can retard the propagation of crack efficiently. The term ñacicularò 

means shaped and pointed like a needle, but acicular ferrite has, in three dimensions, 

the shape of the thin lenticular plate, of which the aspect ratio in a random section is 

about 0.1 [Bhadeshia, 2001]. It should be emphasised that this definition of acicular 

ferrite is for intragranularly nucleated bainite, which is found in weld metals. It is 

not clear whether the soïcalled acicular ferrite in linepipe steels is intragranularly 

nucleated [Ito and Nakanishi, 1976; Abson and Pargeter, 1986;Bhadeshia, 1992]. 

 

Martensite 

Martensite formation follows a displacive transformation mechanism, so it forms by 

a deformation of the austenite lattice without any diffusion of atoms. The carbon, in 

solid solution in the austenite, cannot diffuse out when martensitic transformation 

occurs, so it can be a hard phase as the carbon is formed into solid solution in 
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martensite. The martensite structure usually contains a high density dislocations and 

has a specific orientation relationship with the parent austenite. The morphology is 

thin plate or lathïlike to minimize the strain energy associated with the shape 

deformation. Normally, the martensite reaction takes place athermally in steels 

[Bhadeshia and Honeycombe, 2006]. 

 

 

Figure 2.6. Microstructure of allotriomorphic ferrite and acicular ferrite. 

Courtesy of S. S. Babu [Babu, 1991]. 

 

Retained austenite 

Retained austenite is that remaining untransformed at ambient temperature 

[Bhadeshia, 1979]. 

 



 

17 

 

Figure 2.7. The images of martensite and retained austenite. (a) Bright field 

image of martensite and retained austenite in a high alloy steel. (b) 

Corresponding dark field image of retained austenite. Courtesy of H. K. D. H. 

Bhadeshia [Bhadeshia, 1979]. 

 

Figure 2.8. Light microscopy image of the heatïaffected zone of CïMn steel 

in welding, the carbides are black, the M/A constituents white, and the ferrite 

gray. Reproduced from [Alé et al., 1996] with permission from Elsevier. 

(a) (b) 
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Martensiteïaustenite constituent 

When ferrite is transformed from austenite on cooling, the remaining austenite is 

enriched in carbon due to the lower solubility of carbon in ferrite relative to 

austenite and becomes stable, and finally, a part of this austenite decomposes into 

ferrite and carbide. If the cooling is sufficiently rapid, the decomposition does not 

happen. Instead, the remaining austenite transforms into lath and twin martensite at 

lower temperatures, and a small amount of austenite is retained. This is the soï

called martensiteïaustenite constituent (M/A) , which is an unresolvable mixture of 

martensite and austenite when using optical microscopy [Ikawa et al., 1980; Alé et 

al., 1996]. 

 

2.2.4. The control of microstructure 

The strength and toughness of the linepipe steel can be enhanced by controlling the 

ferrite grain size. Alloying often enhances the mechanical properties of the linepipe 

steel by controlling the microstructure as thermoïmechanical processing (TMP) 

does. 

 

Thermo M˾echanical Processing 

TMP, such as controlled rolling and accelerated cooling, can enhance the various 

mechanical properties such as strength, toughness, yield ratio, corrosion resistance 

and weldability. Steels can have typical ferriteïpearlite microstructure by just air 
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cooling. However, TMP can make the steels have the microstructure such as 

ferrite/ñacicularò ferrite, ferrite/bainite and so on without pearlite by the rapid 

cooling over the -10 °C s
-1
 and controlled rolling. Furthermore, ductileïtoïbrittle 

transition temperature (DBTT) can be lowered by the grain refinement with TMP 

[Hyzak and Bernstein, 1976; Kim, 1983; Tamura et al., 1988; Kim et al., 2002]. 

Accelerated cooling greatly enhances the strength. If the cooling rate is slow, and as 

a consequence the ferrite transformation occurs at a high temperature, then the 

structure obtained will be coarse. In contrast, accelerated cooling enhances the 

nucleation of ferrite since transformation temperature is suppressed to greater 

undercoolings. In addition, the growth or coalescence of ferrite will be retarded due 

to the low transformation temperature. Therefore, it is possible to obtain finer grains 

of ferrite [Tanaka, 1984]. 

Fig. 2.9 shows the process of microstructural change due to controlled rolling and 

cooling [Kim, 2002]. The rolling condition can be divided into three categories, ɔ 

recrystallisation region, ɔ nonïrecrystallisation region and Ŭ + ɔ region as the 

temperature decreases. In recrystallisation region, the grain of austenite wil l 

undergoes heating and deformation, therefore the grains will be refined by 

recrystallisation but in this case, the grain size of ferrite will be larger due to grain 

growth after cooling. However, in the nonïrecrystallisation region, the austenite 

grains have a deformed shape consistent with rolling (often referred to as a 

pancaked shape). The pancaked grains contain deformationïinduced defects such as 

dislocations, and deformation bands, so ferrite nucleation is possible not only at the 

austenite grain boundaries but also with the grain. Pancaking is useful to achieve 
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grain refinement in the final product. Deformation in the Ŭ + ɔ region, leaves the 

austenite in a plastically deformed state, and any ferrite that forms may also contain 

a defect substructure. After cooling, the deformed austenite forms equiaxed ferrite 

and the deformed ferrite is left as subgrains. 

 

Alloying 

Alloying elements can enhance the mechanical properties of steels. Solutes such as 

Nb, V, Ti and Mo will be precipitated in the form of carbides or nitrides. If the 

formation of undesirable coarse precipitates is abandoned, then the fine dispersion 

of particles can retard the grain boundary motion by pinning effects, which promote 

the stability of a fine microstructure [Hillert, 1965]. Moreover, the alloying 

elements can elevate the recrystallisation temperature, enabling a reduction in grain 

size by controlled rolling. 

However, the segregation of the alloying elements such as manganese can result in 

the banding of ferrite and pearlite in the steels. It is reported that such steel exhibits 

anisotropy of impact toughness [Matrosov and Polyakov, 1976; Wilson et al., 1975] 

and can be more susceptible to hydrogenïinduced cracking [Lyons and Plisga, 2005] 

by the banding than an alloy which is homogeneous. 
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Figure 2.9. Schematic illustration of the structural changes during the three 

stages of the controlledïrolling and cooling processes. Adapted from [Kim, 

2002]. 
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2.3. Fracture Mechanisms 

Fracture toughness is a property which describes the ability of a material containing 

a crack to resist fracture. It is defined in terms of the work of fracture, and as a 

material parameter is the critical stress intensity at which a sharp crack becomes 

unstable, denoted ὑ  and with units of -0ÁЍÍ. Fig. 2.10 shows schematically 

the fracture toughness of bodyïcentred cubic (BCC) metals as a function of 

temperature [Kameda, 1986]. 

Fracture can be discussed in terms of ductile and brittle processes. Ductile fracture 

is associated with considerable plasticity prior to failure. It is slow and generally 

results from shear deformation and the formation and coalescence of voids. In 

contrast, brittle fracture involves the rapid propagation of cracks with minimal, 

highly localised plasticity. The ñductile to brittle transitionò occurs as the test 

temperature is reduced and plastic flow becomes more difficult relative to cleavage, 

and is a feature of materials with a flow stress that is sensitive to temperature. 

Because the cleavage stress is insensitive to temperature, the flow stress becomes 

greater than that required for cleavage at low temperatures, and hence the material 

becomes brittle. All BCC metals show a marked temperature dependence of the 

yield stress. Plastic flow in BCC crystal structure of iron becomes particularly 

difficult at low temperatures because the core of the dislocations is anisotropic, 

leading to a large Peierls barrier, which eventually it needs higher stress to move 

dislocations [Bhadeshia and Honeycombe, 2006]. 
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Figure 2.10. Schematic illustration of fracture toughness of BCC metals as a 

function of temperature. Adapted from [Kameda, 1986]. 

 

Thus, operating temperature and strain rate have a marked effect on its fracture 

mechanism. Fig. 2.11 shows that a reduction in temperature and an increase in strain 

rate generally results in a marked increase in the yield stress of the material. The 

effect on the cleavage stress may or may not be pronounced [Meguid, 1989]. 

However, the fracture stress will increase with a reduction in temperature and an 

increase in the strain rate [Grimpe et al., 1999]. Therefore, in certain conditions 

such as low temperature and high strain rate, brittle fracture can be happen below 

Temperature 

T
o

u
g

h
n

e
s
s 

Lower shelf regime Upper shelf regime DBTT regime 

DBTT (TDB) 

Fracture 
mechanism 
changes 

Stress 
controlled 

Strain 
controlled 
(Shear) 

Brittle Fracture 
 
Spontaneous 
process 
with 
rapid crack 
propagation 

Ductile Fracture 
 
Thermally activated 
process 
with 
formation and 
coalescence of voids 



 

24 

the yield stress. 

Brittle fracture at low temperatures came to prominence from the Liberty ships. In 

1943, during World War II, many Liberty ships which encountered the cold area 

between Siberia and Alaska were broken due to the flaws caused by welding, local 

stress concentration on the edge part and the low toughness of materials used 

[Meguid, 1989]. After this, design of engineering structures has been done assuming 

the existence of internal cracks in steels and considering strength, ductility and 

toughness. 

 

 

Figure 2.11. Schematic illustration of effect of temperature and strain rate 

upon yield and fracture stresses. Adapted from [Meguid, 1989]. 
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2.3.1. The general theory of brittle fracture 

The theoretical stress for fracture is calculated assuming no flaw in the material. 

This means that the fracture stress corresponds to the breaking of atomic bonds in 

the perfect material: 

 „  
ὉὟ

ὥ
 (2-2)  

„ : critical stress Ὁ : Youngôs modulus 

ὥ : atomic distance Ὗ : surface energy of crack per unit area 

From equation 2ï2, the theoretical fracture stress is about ὉȾʌ (about 70,000 MPa). 

However, the observed values are lower by a factor of 10
3
 ~ 10

4
. In order to 

describe this difference, Griffith considered the condition needed for the 

propagation of a preïexisting crack of length ςὧ in a brittle solid. If a sharp crack 

already exists in the material, it can propagate when the elastic energy released is 

more than that to form the crack surface during crack propagation [Griffith, 1921]. 

When the applied stress „ is high enough, the crack which has primarily length of 

ςὧ, will propagate and release stored elastic energy. This total elastic energy Ὗ  is: 

 Ὗ
“„ὧ

Ὁ
 (2-3)  

ὧ : the half of initial crack length „ : applied stress 

The negative sign means that it is released energy. 

And, the crack creates two new crack surfaces with total surface energy Ὗ during 

propagation as: 
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 Ὗ  τὧ‎ (2-4)  

where ‎ is surface energy per unit area, and the positive sign means that there is 

absorption of energy. 

The total energy of difference is 

 ЎὟ Ὗ Ὗ
“„ὧ

Ὁ
τὧ‎ (2-5)  

If ЎὟ π then the crack can propagate. 

Under the planeïstress conditions, equilibrium is when the rate of energy release 

with crack length is zero: 

 
ὨὟ

Ὠὧ

ὨὟ Ὗ

Ὠὧ
π (2-6)  

 Ḉ
ς“ὧ„

Ὁ
τ‎ π (2-7)  

The fracture stress needed for crack propagation, „, is therefore: 

 „
ςὉ‎

“ὧ
 (2-8)  

This equation is well fitted for a perfectly elastic material such as glass and MoO, 

not however, for metals. Plastic deformation is involved in the creation of crack 

surfaces [Orowan, 1955], especially, at the root of the crack which is consequently 

blunted. The crack therefore requires greater energy needed to propagate than 

simply the creation of flat surfaces. Thus, a modified Griffith equation was 

introduced to capture plastic work per unit area, ‎: 
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 „
Ὁς‎ ‎

“ὧ
 (2-9)  

It has been found that ‎ (= 10
2
 ~ 10

3
 J m

-2
) >> ‎ (= 1 ~ 2 J m

-2
), thus equation 

2ï9 becomes: 

 „
Ὁ‎

“ὧ
 (2-10)  

The critical crack length can be predicted by the criterion that if „“ὧȾ  is larger 

than Ὁ‎, then growth occurs. 

The local stress field at the crack tip is characterized usually by a parameter ὑ, 

stress intensity factor, which reaches a critical value ὑ when propagation takes 

place: 

 ὑ „Ѝ“ὧ (2-11)  

 ὑ „Ѝ“ὧ (2-12)  

In the case of crack opening mode, ὑ will be: 

 ὑ ὉὋ  Ƞ ÐÌÁÎÅ ÓÔÒÅÓÓ ÃÏÎÄÉÔÉÏÎ (2-13)  

 ὑ
ὉὋ

“ρ ὺ
Ƞ ÐÌÁÎÅ ÓÔÒÁÉÎ ÃÏÎÄÉÔÉÏÎ (2-14)  

where Ὃ  is the critical release rate of strain energy in the mode I loading 

(opening). 

ὑ  is regarded usually as the fracture toughness of the steel, a material parameter. 

It can be obtained from tests on notched specimens. Many attempts have been made 

to obtain the relationship between the fracture toughness and absorbed impact 
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energy in Charpy tests. Barson and Rolfe, and Sailors and Corten suggested the 

equations which relates ὑ  and absorbed impact energy of Charpy V Notch (CVN) 

test, at the ductileïtoïbrittle transition temperature [Anderson, 1955] : 

 
ὑ

Ὁ
ς#6.Ƞ "ÁÒÓÏÎ ÁÎÄ 2ÏÌÆÅ (2-15)  

 
ὑ

Ὁ
ψ#6.Ƞ 3ÁÉÌÏÒÓ ÁÎÄ #ÏÒÔÅÎ (2-16)  

ὑ is often related to the crack tip opening displacement (CTOD), ‏, which is the 

relative movement of the two faces when a plastic zone at the crackïtip enables the 

faces to move apart at the crackïtip. CTOD is referred to the stress and defect size 

by an equation of the form: 

‏ 
ὑ

„Ὁ
 (2-17)  

where „ is a yield stress in uniaxial tensile test. 

In ferrite steel, the macroscopic crack causes local stress concentration and 

deformation, while the microscopic crack may be nucleated at the carbides, 

inclusions and secondary phases. Once the microcrack is formed, it propagates into 

the ferrite grains in the form of cleavage fracture when a sufficiently large shear 

stress is applied. Essentially, the size and distribution of carbides are the most 

important factor. If the carbide particles are spherical, then the fracture strength is: 

 „
“Ὁ‎

ςὧ
 (2-18)  

where ὧ is the carbide diameter. 

In contrast, in bainitic and martensitic steels, lath structures with intervening low 
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angle boundaries are formed in packets with larger misorientation packetï

boundaries [Bhadeshia, 2001]. In these structures, the packet width is the most 

important factor for cleavage crack propagation, thus the fracture strength is: 

 „
τὉ‎

ρ ὺ Ὠ
 (2-19)  

where Ὠ  is packet width [Bhadeshia and Honeycombe, 2006]. 

The creation of a cleavage crack does not mean that fracture necessarily occurs. If 

the crack cannot be grown just after nucleation, the tip may become blunted by 

deformation and associated dislocation motion, in which case of the crack may not 

propagate. Even if a crack grows, its propagation can be arrested if  the applied 

stress is suddenly becomes lower than that for fracture. Fracture toughness is 

governed not by the creation of a crack but by its propagation. 

 

2.3.2. The energy release rate 

The release rate is often denoted by Ὃ and represents the amount of energy per unit 

area of the crack growth. That is supplied by the elastic energy in the body and by 

the loading system in creating the new fracture surface area. In terms of the stress 

intensity factor ὑ, there is an Irwin relationship, for plane stress and plane strain 

conditions: 

 Ὃ
ὑ

Ὁ
 Ƞ ÐÌÁÎÅ ÓÔÒÅÓÓ ÃÏÎÄÉÔÉÏÎ (2-20)  
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 Ὃ
ρ ὺ

Ὁ
ὑ Ƞ ÐÌÁÎÅ ÓÔÒÁÉÎ ÃÏÎÄÉÔÉÏÎ (2-21)  

where ὺ is the Poissonôs ratio. 

The total energy release rate in combined mode cracking can be obtained by adding 

from the different modes, I is for opening or tensile mode, II is for sliding mode and 

III is for tearing mode [Parton, 1992]: 

 Ὃ Ὃ Ὃ Ὃ
ρ ’

Ὁ
ὑ ὑ

ὑ

ρ ’
 (2-22)  

where Ὃ, Ὃ  and Ὃ  are the energy release rates for modes I, II and III  

respectively, ὑ, ὑ  and ὑ  are the stress intensity factors for modes I, II and III 

respectively. 

Fracture instability happens when the energy release rate Ὃ is larger than the force 

needed to resist crack propagation. Any excess is converted into kinetic energy 

which governs the speed of the crack propagation. The total amount of kinetic 

energy for a crack growth is: 

 Ὁ Ὃ ὙὨὃ (2-23)  

Ὁ  : kinetic energy Ὑ : force of crack resistance 

with three assumptions; the crack propagation takes place under constant stress, the 

elastic energy release rate Ὃ does not depend on the speed of crack propagation 

and the crack growth resistance Ὑ of material is constant. The crack resistance is a 

function of the plastic behaviour and fracture characteristics of the material at the 

crack tip. It is dependent upon strain rate. At the tip of a crack moving at high 

velocity, the strain rates are very high and it is expected that the material behaves in 
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a more brittle manner at high crack speeds. The force of crack resistance is 

independent of crack length under plane strain condition. But, for plane stress 

condition, the crack resistance can vary with the amount of crack growth. When the 

crack starts propagating, a further increase of the stress is required to maintain 

growth. 

In stable crack growth, Ὃ is equal to R. The crack growth rate as a function of an 

increase in crack size is shown in Fig. 2.12, where ὧ is the crack size, ὧ is the 

critical crack size, ὧ is crack growth rate and ὺ is the velocity of sound. In a 

ductile material, the energy required for crack growth is the same as the amount of 

work for formation of a new plastic zone at the tip of the advancing crack, plus the 

work required for initiation, growth and coalescence of microvoids [Broek, 1982]. 

 

Figure 2.12. A graph for the increase of growth rate with crack size. Adapted 

from [Broek, 1982]. 
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2.3.3. Ductile to brittle transition 

The ñductileïtoïbrittle transitionò is well known for its complicated nature per se 

because it is the region where fracture mechanisms ñcompeteò. Pickering made a 

linear regression model to predict the ñductileïtoïbrittle transition temperatureò 

(DBTT) as a function of chemical composition, strength and grain size as follows 

[Pickering and Gladman, 1963]: 

 Ὕ ὪὧέάὴέίὭὸὭέὲὫίὸὶὩὲὫὸὬ ρρȢυὨ Ⱦ  (2-24)  

Ὕ : DBTT / °C Ὢ : function of chemical composition 

Ὠ : grain size / ɛm Ὣ : function of strength 

This model was simple but still useful because of the variables considered, i.e. 

composition, strength and grain size. To improve on this requires other features to 

be considered, such as microstructural parameters like carbide morphology and 

precipitation hardening, the effective grain size and texture, thermally activated 

growth processes of tensile mode I and shear mode II cracks, etc. [Mintz et al., 1979; 

Bhattacharjee et al.; 2004, Baczynski et al., 1999; Kameda, 1986]. Numerical 

models have been suggested to introduce fracture mechanism [Gurson, 1975, 1977; 

Ritchie et al., 1973; Tvergaard and Needleman, 1984, 2000]. Recently, the nonï

linear models have been proposed using various modelling method such as 

statistical modelling, fuzzy modelling and network modelling, trying to capture the 

full complexity of influencing factors quantitatively [Oldfield, 1975; Beremin, 1983; 

Todinov, 1999; Chen et al., 2004; Moskovic, 1997]. 
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2.3.4. Toughness 

The Charpy V notch impact test is the most common empirical method to evaluate 

the toughness of steels. However, it is hard to analyse because many factors can 

influence toughness such as grain size, alloying elements, processing parameters, 

texture and work of fracture. Nevertheless, many researchers have tried to discover 

quantitative relationships, linear or nonïlinear, between the Charpy impact energy 

and potential influencing factors [Chen et al., 2004].  

 

Grain size 

As shown in Fig. 2.13, the grain refinement enhances both the fracture and yield 

strength [Low, 1954]. The relationship between grain size and fracture strength was 

introduced by work of Cottrell [1958]: 

 „ „ Ў„
ὅ‘‎

Ὧ
Ὠ Ⱦ (2-25)  

where „ is the fracture strength, „ is the yield strength,  Ў„ is the increase in 

yield strength from workïhardening beyond the yield point, ὅ is a constant related 

to stress state and average ratio of normal to shear stress on the slip plane, ‘ is the 

shear modulus, ‎ is the surface energy, Ὧ is the HallïPetch slope, and Ὠ is the 

grain size.  
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Figure 2.13. Effect of grain size on the yield and fracture stresses for low 

carbon steel tested in tension at ï196 °C. Data from [Low, 1954]. 

 

The grain size Ὠ is not always the metallographically measured grain size 

[Gourgues et al., 2000]. Because some clusters of crystals tend to form with little 

deviation in crystallographic orientation at the boundaries between the individual 

grains within the collection, such clusters define a crystallographic grain size as 

opposed to the conventional size. This means that cleavage cracks can propagate 

without much deviation across these regions with similar crystal orientation, whose 

size then corresponds to that of the brittle fracture facet. Therefore, it can be defined 

by the distance across which crack propagates coherently through the {100} plane 
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in BCC and is called effective grain size. In ferriteïpearlite steel, it is well known 

that the cleavage path is associated with the metallographic grain size. However, in 

bainitic or martensitic steels, it can correspond to the prior austenite grain size 

although this is not universally agreed. The effective grain size for those steels can 

be the packet size defined as the distance between two nearest highïangle 

boundaries [Naylor and Krahe, 1975; Naylor, 1979; Gourgues et al., 2000; Qiao and 

Argon, 2003; Bhadeshia, 2001]. A cluster of neighbouring grains sharing a similar 

orientation, is called the ñcrystallographic grainò [Pickering, 1967]. The 

determination of effective grain size requires an assumption of boundary 

misorientation, for example some values have been taken arbitrarily to be 15° and 

18° for the bainitic steels [Kim et al., 2000] and 12° for the thermomechanical 

controlled rolled steels [Bhattacharjee, 2004]. A better procedure would be to relate 

the misorientation required to arrest or deflect cracks to the cleavageïfracture facet 

size. 

The crystallographic grain size can vary with depth within a steel plate 

[Bhattacharjee et al., 2003; 2004] or at positions where the pipe is welded [Yan et 

al., 2010; Gürgör et al., 2010] because the deformation during hotïrolling is not 

uniform as a function of depth [Zhu et al., 2007]. Therefore, it is natural that there 

should exist a corresponding difference in the texture and hence the crystallographic 

grain size. Thus, a larger crystallographic grain size just below the surface leads to a 

relatively poor toughness when compared with measurements made at the plate 

centre where the similarly oriented grain clusters are finer [Bhattacharjee et al., 

2003]. 
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Alloying elements and processing variables 

Carbon is an important factor in determining toughness, for example, carbide 

particles can be detrimental to toughness as shown in Fig. 2.14. Large carbides in 

particular provide crack initiation sites, although fine carbides help improve 

toughness if they help refine the structure, for example through microalloying. 

Nitrogen is generally considered to be detrimental to toughness but it has various 

interactions with other alloying elements. Phosphorus and molybdenum can be 

detrimental elements because they raise the transition temperature while chromium 

has little effect [Dieter, 1988]. 

 

Figure 2.14. The effect of carbon contents on the toughness in plain carbon 

steels. Data from [Rinebolt and Harris, 1951]. 



 

37 

 

Oxygen can be an embrittling element since it reduces the surface energy of a crack 

or more commonly, through brittle oxide inclusions. Manganese can be beneficial to 

toughness if it leads to a reduction in the thickness of grain boundary carbides and 

redistributes them to intragranular sites. However, over a certain amount, 

manganese can increase the transition temperature again if it promotes martensite 

[Stoloff, 1969]. Nickel helps alter the Peierls stress leading to solid solution 

softening [Spitzig and Leslie, 1971; Gerberich et al., 1981]. Silicon is detrimental 

for toughness since it reduces the surface energy for cleavage but there are 

contradictory results [François and Pineau, 2002; Dieter, 1988]. 

Niobium and titanium can be beneficial to the toughness because they can grain 

refine while vanadium has little effect [Klassen et al., 1986; Tsunekage et al., 2001]. 

Titanium below a certain amount is helpful to increase the fraction of acicular ferrite 

[Beidokhti et al., 2008]. Sulphur is generally considered to be detrimental to the 

toughness but there are contradictory results with respect to grain refinement 

[Tsunekage et al., 2001]. With the addition of copper or boron, the toughness can be 

decreased due to the increase of effective grain size [Shin et al., 2009a]. 

A low finishïrolling temperature (FRT) can lead a high cleavage fracture stress due 

to its fine ferrite grain size by heavy deformation but there is an exceptional case to 

be considered that the elongated ferrite, i.e., banded structure, can provide a 

continuous path for the cleavage fracture if the fracture surface is parallel to the 

rolling plane [Sun and Boyd, 2000]. Tempering helps enhance the toughness with 

decreasing the strength [Merabi and Mintz, 1997] 
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Texture 

The toughness of the rolled steels must depend on texture since the distribution of 

{100} planes is important in cleavage fracture [Cottrell, 1958; Morrison, 1976; 

Tyson et al., 1973]. Ductile fracture occurs by the nucleation and coalescence of 

microvoids [Broek, 1982] which is associated with slip processes. {110}<111> is 

the main slip system of the bodyïcentred cubic (BCC). So the volume fraction of 

grains with {110} planes parallel to the notch plane can have an influence. {112} 

and {123} planes are also associated with slip in BCC crystals, but their 

interpretation is not clear [Dieter, 1988; Baczynski, 1999; Ju et al., 2007]. 

 

2.3.5. Delamination 

Delamination has been observed in highïstrength low alloy steels [Schofield et al., 

1974; Baldi and Buzzichelli, 1978; Dabkowski et al., 1976; Deardo, 1977], in 

ferritic stainless steels [Mintz, 1980; Chao, 1978], ausformed alloys [McEvily and 

Bush, 1962], marformed steels [Ray and Basu, 1985] and low carbon steels 

[Bramfitt and Marder, 1977; Shin et al., 2009b]. It is shown in Fig. 2.15. It arises 

from weakness parallel to the rolling plane of the steel, because hotïrolling is 

terminated at temperatures within the Ŭ + ɔ phase field, texture, inclusion alignment 

on the rolling plane, intergranular failure along prior austenite boundaries, 

segregation of phosphorus and sulphur and any aspect that leads to anisotropy 

[Bourell, 1983; Tamura et al., 1988]. 

Delamination is regarded macroscopically as brittle fracture behaviour which is 
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concerned with a decrease of upper shelf energy in Charpy tests [Brozzo and 

Buzzichelli, 1976; Verdeja et al., 2003]. However, Song et al. proposed that 

delamination can something reduce the DBTT [Song et al., 2005]. Soïcalled 

delamination toughening has long been known to lead to improved toughness in a 

wide variety of materials, for example in ceramics [Clegg et al., 1990], carbon 

[Sakai et al., 1986], and fineïgrained steels [Kimura et al., 2008, 2010; Inoue et al., 

2010; Mintz et al., 2007]. In particular, delaminations that form parallel to the plate 

surface can lead to a reduction in the impact transition temperature [Maina et al., 

2011] although excessive fissuring can compromise the upper shelf energy of 

Charpy tests [Mintz et al., 2008]. 

 

 

Figure 2.15. Fracture normal to the length of the Charpy notch is a ñsplitò or 

ñdelaminationò which influences the impact energy measured. 

  

2 mm 
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2.4. Toughness Anisotropy 

The orientation dependence of toughness is a wellïknown phenomenon for hotï

rolled steels in general [Fegredo, 1975; Ray et al., 1995]. Fig. 2.16 shows the effect 

of specimen orientation on the Charpy transitionïtemperature curves of a rolled 

plate [Mintz et al., 1976; Dieter, 1988]. As will be seen later, there is also 

considerable work in the context of pipeline steels. There are three particular factors 

which are emphasized in discussing toughness anisotropy: nonïuniform distribution 

in the size and shape of inclusions, microstructural anisotropy due to banding or 

elongated grain structure, and crystallographic texture. 

 

Figure 2.16. Effect of specimen orientation of Charpy transitionïtemperature 

curves of a rolled plate. Data from [Mintz et al., 1976; Dieter, 1988]. 
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2.4.1. Inclusions 

Inclusions influence anisotropy because they often are associated with the initial 

solidification process and any solidificationïinduced chemical segregation; others 

may precipitate in the austenite at high temperatures prior to the hot deformation 

that the cast steel is subjected to. Common inclusions include the manganese 

sulphides, silicates and alumina and combinations of oxides depending on the 

particular steelmaking route, and the hot deformation needed to shape the steel has 

the effect of orienting these phases along the principal plasticïstrain directions. 

Some phases such as manganese sulphides and silicate can deform along with the 

steel and hence become elongated, whereas others fragment and form stringers 

along these same directions [Sims, 1959; Baker and Cameron, 1972]. The inclusions 

can as a consequence, lead to a variety of anisotropies, particularly with respect to 

tensile elongation, bend properties, fracture mode and fracture toughness. The 

toughness in cases where the Charpy notch is in the rolling direction, is found to be 

much lower than when it is normal to that orientation [Hodge et al., 1959; Kramer 

et al., 1987; Burnos et al., 1988; Wilkowski et al., 1991; Mohan et al., 1995a]. It is 

the directionality of MnS inclusions that is found responsible for the orientation 

dependence of toughness on the forging reduction ratio [Harada et al., 1987]. A 

typical microstructure of ferritic grains, pearlite bands and shape of flattened MnS is 

illustrated in Fig. 2.17 [Benzerga et al., 2004]. 
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Figure 2.17. Steel microstructure consisting of ferritic grains, pearlite bands 

and shape of flattened MnS (arrows) and mixed oxideïMnS (white arrows) 

both in ferrite in upper image and crushed MnS in pearlite in lower image. óSô 

and óLô stand for the short transverse and longitudinal directions respectively. 

Reproduced from [Benzerga et al., 2004] with permission from Elsevier. 

 

Fig. 2.18 illustrates the impact energy values for two steels with different sulphur 

contents. The interesting observation is that the degree of anisotropy is less for the 

higher sulphur steel. This is because the sulphides in the lowïsulphur alloy were 

relatively more elongated [Mohan et al., 1995b]. These observations also emphasize 

the role of inclusions in nucleating and linking voids, since the data illustrated all 
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represent the ductile mode of failure, so that the observed anisotropy is a direct 

consequence of the shape of the inclusions. It is important to note also that the 

sulphides may not be uniformly distributed within the steel in which case 

correlations of properties with the average concentration become less certain 

[Medinskaya et al., 1981]. 

 

 

Figure 2.18. Charpy energy as a function of orientation and sulphur content 

(wt%). The tests were arranged so that all of the samples undergo ductile 

failure. Courtesy of H. K. D. H. Bhadeshia [Bhadeshia, 2011]. Data for A106 

grade B steel pipe, from [Mohan et al., 1995b]. 

 

Nonmetallic inclusions influence properties by nucleating cleavage or voids. It is 

often the case that the inclusions serve to concentrate stress so that adjacent, and 

more brittle cementite particles can initiate cleavage [Baker et al., 1986]. This is 
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because inclusions like MnS can lose cohesion with the matrix before the onset of 

cleavage. The resulting hole provides the greatest stress concentration at the tip of 

an elongated inclusion, so that loading normal to the plane of the inclusion leads to 

poor toughness, in contrast to the case where the principal loading is parallel to the 

long axis, when the stress concentration due to decohesion is of minor importance. 

This of course, leads to anisotropy of toughness [Baker et al., 1986]. The anisotropy 

can be reduced by using lower rolling reductions [Tomita, 1990] so that the 

inclusions themselves have smaller aspect ratios (length divided by thickness). 

Inclusions are not simply a problem of pipelines or anisotropy, and many methods 

have been introduced over time to control the shape and size of nonïmetallic 

particles, particularly the manganese sulphides. The most obvious is to reduce the 

concentration of sulphides but anisotropic toughness persists even when the 

concentration is much less than 0.01 wt% [Hodge et al., 1959; Matrosov and 

Polyakov, 1976]. Presumably, as emphasised in [Mohan et al., 1995b], it is the 

shape of the particles that plays the major role in the orientation dependence of 

properties. Crossïrolling can mitigate the effects of manganese sulphide even when 

the sulphur concentration is as large as 0.06 wt% [Hodge et al., 1959], but the 

method is not practical for most pipelines where the steel plate has to be long in one 

direction. The addition of cerium, zirconium or titanium helps reduce the plasticity 

of MnS, thus modifying the inclusion shape into a more spheroidal form [Matrosov 

and Polyakov, 1976]. 

Imai and coïworkers did some interesting experiments in which the steel was heatï

treated in a variety of ways to modify the manganese sulphide layers present in the 
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hotïrolled state (Fig. 2.19) [Imai et al., 1982; 1985]. Although the anisotropy in 

mechanical properties decreased when the layers were broken up into spherical 

particles, it was not completely eliminated when the sulphur concentration exceeded 

about 0.01 wt%. This is because at high concentrations, the spheroidised particles 

remained aligned as strings (Fig. 2.19e). Similar observations have been reported in 

the context of bearing steels subjected to rollingïcontact fatigue, where strings of 

nonïmetallic particles aligned normal to the contact surface are much more harmful 

than those parallel to that surface [Courbon et al., 2003], and there is a strong 

dependence of life on the length of these strings of inclusions [Eckel et al., 1999]. 

The role of inclusions in promoting the orientation dependence of toughness also is 

a function of the steel microstructure; a large fraction of pearlite reduces anisotropy 

by becoming the primary source for void initiation [Imai et al., 1982]. 
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Figure 2.19. Feï0.36Cï0.22Siï0.73Mnï0.02Pï0.025S wt%. (a) Asï

received hotïrolled condition. (b) Following spheroidisation heatïtreatment 

involving dwell and cycling between 750 and 690 °C followed by furnace 

cooling. (c) Austenitisation at 950 °C for 1h followed by air cooling. (d) 

Homogenisation at 1300 °C for 1h followed by furnace cooling. (e) 

Homogenisation at 1300 °C for 4 h followed by furnace cooling. Reproduced 

from [Imai et al., 1982] with permission from Elsevier. 

(b) 

(c) (d) 

(a) 

(e) 
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2.4.2. Microstructural anisotropy 

A typical microstructure in a hotïrolled lowïalloy steel is illustrated in Fig. 2.20a 

[Tau et al., 1993; Korda et al., 2006]. There are plannar patches of pearlite parallel 

to the rolling plane. Microstructural banding is often more pronounced in sections 

containing the rolling direction than in those containing the transverse direction 

[Thomson and Howell, 1992; Chae et al., 2000]. Such banding is known to be 

responsible for the orientation dependence of properties [Matrosov and Polyakov, 

1976; Wilson et al., 1975], and homogenisation to mitigate the banding reduces 

anisotropy [Garwood, 1984]. 

Banding occurs primarily because of the segregation of solutes in the last regions of 

the liquid to solidify during the cooling of steel from the molten state. The lowï

alloy steels which exhibit banding typically begin solidification as ŭïferrite so that 

elements such as manganese, silicon, phosphorus and sulphur are partitioned into 

the interdendritic regions which then solidify with a higher than average 

concentration of these solutes. Subsequent deformation, for example by hotïrolling, 

causes these regions to spread out as bands. The segregation of concern is of 

substitutional solutes such as manganese (Fig. 2.20b). Carbon also segregates 

during solidification but it diffuses rapidly as the steel cools through the austenite 

phase field until its chemical potential becomes uniform. The silicon concentration, 

which is not illustrated in Fig. 2.20b, was also found to be in phase with the pearlite 

bands. Although silicon is a ferrite stabiliser, its influence on the transformation in 

typical steels of interest here is much smaller than that of manganese. 
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Figure 2.20. (a) Banding in hot r˾olled ferrite p˾earlite steel, Fe 0˾.15C˾

0.16Si 1˾.07Mn wt%. óSô, óTô and óLô stand for the short transverse, transverse 

and longitudinal directions respectively, in the rolling frame of reference. 

Reproduced from [Korda et al., 2006] with permission from Elsevier. (b) The 

location of pearlite relative to the manganese concentration. Courtesy of H. 

K. D. H. Bhadeshia [Bhadeshia, 2011]. Data from [Thomson and Howell, 

1992] 

 

The ferriteïpearlite banding evident in Fig. 2.20a occurs when the regions which 

are depleted in austeniteïstabilising elements decompose into ferrite, before the 

transformation can occur in other areas [Jatczak et al., 1956]. As a result, carbon is 

partitioned into the adjacent substitutionalïsolute rich austenite, which ultimately 

becomes the pearlite. The microstructural banding therefore correlates with the 

segregation pattern and the correlation becomes more pronounced when the 

microstructure is generated by slow cooling. This is because larger cooling rates are 

(a) (b) 
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associated with greater undercoolings, which permit ferrite to form even in 

manganeseïenriched regions. 

A reduction in the carbon concentration also helps make the steel more isotropic 

because it is the partitioning of carbon into the manganeseïrich regions that leads to 

the formation of pearlite bands [Matrosov and Polyakov, 1976]. 

The development of microstructural banding is illustrated in Fig. 2.21. As pointed 

out previously, the highly mobile carbon homogenises during cooling through the 

austenite phase field. However, there are gentle variations which occur in concert 

with the manganese, as the carbon maintains a uniform chemical potential in the 

austenite. Manganese lowers the activity of carbon and hence the manganeseïrich 

regions are associated with a somewhat higher carbon concentration [Kirkaldy et al., 

1962]. The dependence of the spatial distribution of carbon on that of substitutional 

solute in austenite was originally thought to be the cause of banding [Jatczak et al., 

1956]. Bastien, however, considered the banding to be due to the substitutional 

solutes and Kirkaldy et al. later showed that this is indeed the dominant effect 

[Bastien, 1957; Kirkaldy et al., 1962]. 
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Figure 2.21. An illustration of the common mechanism of banding 

[Bhadeshia, 2010, 2011]. Note that banding has irregularities so it is not 

entirely an accurate reflection of the chemical segregation pattern [Thomson 

and Howell, 1992]. Courtesy of H. K. D. H. Bhadeshia. 

 

An alternative mechanism is found in steels containing relatively large sulphur 

concentrations [Kirkaldy et al., 1963]. Manganese sulphides then precipitate in the 

regions containing a large average concentration of manganese. As a consequence, 

the manganese is bound in the sulphide which is surrounded by a manganeseï

depleted zone where ferrite forms. The ferrite partitions carbon into the adjacent 

zones which have a low average concentration of manganese, which transform into 

pearlite. The position of the ferrite bands is thus shifted into locations where the 

average Mn concentration is large, but where the Mn is tied up as sulphides (Fig. 

2.22). 
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Figure 2.22. The mechanism of banding in steels containing substantial 

quantities of manganese sulphides [Bhadeshia, 2010, 2011]. Courtesy of H. 

K. D. H. Bhadeshia. 

 

Other kinds of microstructural anisotropy also have been shown to correlate with 

toughness in pipeline steels. Fig. 2.23 shows the case for the X80 grade pipeline 

steel where the minimum in Charpy toughness in the ductileïbrittle transition 

temperature range corresponds to the smallest fraction of lower bainite on the 

fracture plane. Also the study suggested that the nonïuniform grain shape is related 

to the anisotropy of the Charpy toughness [Petrov et al., 2007a, 2007b]. One 

difficulty with this interpretation is that the fraction should be independent of the 

plane of section provided that the number of measurements made is statistically 

meaningful. It is also not clear why the minimum correlates with the smallest lineal 

intercept since a finer microstructural scale should lead to better toughness. As 

pointed out by Garcia et al., the real explanation in the context of the X80 steels is 
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likely to be a complex combination of microstructure and crystallographic texture; 

the latter aspect is discussed in the next section [Garcia et al., 2007]. Kichkina et al. 

also discussed in ferriteïbainite microstructure that the bainite morphology oriented 

predominantly in the intermediate direction to the rolling direction, such as 50°, is 

needed to be considered for anisotropy of toughness in APIïX70 steel, since the 

density of grain boundaries and interphase boundaries in that direction are minimum 

which is corresponding to the minimal obstacles of crack propagation [Kichkina et 

al., 2011]. Sun and Boyd investigated the effect of processing parameter on 

anisotropy of cleavage fracture stress in microalloyed linepipe steel. The anisotropy 

of fracture stress increases with decreasing FRT above nonïrecrystallisation 

temperature of austenite and the factor for anisotropy was determined from 

microstructural anisotropy such as elongated grain and banding [Sun and Boyd, 

2000]. Some early study also suggests that an elongated grain structure, for example 

that generated by warmïrolling with a low finishïrolling temperature, has been 

shown to cause variations in the impact properties according to direction relative to 

the elongated structure [Mintz et al., 1978]. Okuda et al. also reported that the 

DBTT in longitudinal direction is lower than transverse direction due to elongated 

grain in the extruded oxide dispersion strengthened (ODS) ferritic steels [Okuda et 

al., 2009]. 
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Figure 2.23. The Charpy toughness at ï60 °C, percentage of lower bainite 

(Ŭlb) and mean lineal intercept (╛) as a function of the angle in degrees, 

relative to the rolling direction. Courtesy of H. K. D. H. Bhadeshia 

[Bhadeshia, 2011]. Data for X80 pipeline steel adapted from [Petrov et al., 

2007b] 

 

2.4.3. Crystallographic texture 

Texture implies a nonïrandom distribution of crystal orientations and clearly must 

influence the isotropy of a polycrystalline material. Kotrechko et al. investigated the 

effect of texture on the anisotropy of the cleavage stress of metals by theoretical 

calculation. It shows that the nonïuniform distribution of crystallographic planes is 

the main reason for the cleavageïstress anisotropy in the textured polycrystals 

[Kotrechko et al., 2004]. Mintz et al. investigated the influence of texture on the 

impact properties of controlled rolled steels, and suggested that the role of texture 
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on the directionality of impact properties is small and largely on ductile fracture 

[Mintz et al., 1976]. Inagaki and coïworkers focused on controlled rolled high 

strength steel with several textured specimens of different chemical compositions. It 

showed that {100}Ŭ cleavage plane is related qualitatively to the anisotropy of 

toughness. In particular, it pointed out that anisotropy of toughness is induced with 

the {113} texture, which is placed between {110} and {112} planes, parallel to the 

rolling plane. Thus, the impact transition temperature peaked in the intermediate 

directions such as 45° to the rolling direction, and correlated this to the texture 

which favoured cleavage [Inagaki et al., 1975]. Bourell and Sherby also discussed 

the effect of strong {001}<110> texture component corresponding to lower Charpy 

energy of diagonal specimens than that of longitudinal specimens at various test 

temperatures in warmïrolled low carbon steel [Bourell and Sherby, 1983]. 

The plates used in the manufacture of pipeline steels are thermoïmechanically 

processed and hence are textured. Baczynski et al. showed that components of the 

macroscopic texture can be correlated with the observed anisotropy of impact 

toughness in niobiumïmicroalloyed steels. It is well known that in the ductile 

fracture region corresponding to relatively high test temperatures, the distribution of 

{110}Ŭ and {112}Ŭ slip planes has a greater influence on toughness than that of the 

{100}Ŭ cleavage planes. The toughness anisotropy associated with ductile fracture 

correlates with the {112}<ρ10>Ŭ component, and for cleavage fracture with the 

{001}<110>Ŭ and {110}<001>Ŭ components if they exist [Baczynski et al., 1999]. 

Ju et al. also reported that the anisotropy of toughness at room temperature might be 

related to the distribution of {110}Ŭ planes as a function of angle relative to the 
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circumferential direction in APIïX65 linepipe steel [Ju et al., 2007]. 

It has been suggested that the partial splitting or delamination of Charpy specimens 

during macroscopically ductile fracture, following an impact test, is related to 

separation on {100}Ŭ cleavage planes [Verdeja et al., 2003]. Such a split is 

suggested to lead to a decrease in toughness in the upper shelf regime, and in a 

reduction in the ductileïbrittle impact transition temperature. This does not seem 

correct; a decrease in DBTT is an increase in toughness, and the evidence has not 

been presented well to support this notion, and since the split is not parallel to the 

plane containing the notch, it could be argued that an improvement in toughness 

may follow due to the additional work of fracture at the split. However, if the 

separation occurs in the 100% ductile range then the impact energy decreases 

[Verdeja et al., 2003], but if it takes place at low temperatures then the enhancement 

of toughness is observed as mentioned in the previous section [Song et al., 2005]. 

Mechanical anisotropy depends on many factors other than texture, so it is not 

surprising that there are studies which reach the conclusion that crystallography has 

little or no role to play in determining the orientation dependence of properties. 

Mintz et al., found no indication of texture having any influence on the anisotropy 

of impact toughness in the transition temperature especially when the grain structure 

itself is directional, so the microstructural anisotropy is severe [Mintz et al., 1978]. 

Fegredo et al. found no significant relationship between toughness and the 

macroscopic texture in lowïcarbon steels containing 0.002ï0.007 wt% sulphur, 

produced using different rolling temperatures [Fegredo et al., 1985]. Microstructural 

anisotropy and elongated sulphides seemed to have the strongest influence. Kasada 
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et al. investigated the effect of texture and microstructure on the mechanical 

anisotropy in hotïextruded bar of oxide dispersion strengthened (ODS) ferritic 

steels with {110} textured along the extrusion direction (ED) parallel to the rolling 

direction (RD), and the toughness anisotropy was induced by the combined effect of 

elongated grains and small particles along ED, not by texture [Kasada et al., 2011]. 

Garcia et al. reported that both microscopic and macroscopic textures had negligible 

influence on the anisotropy of properties in X80 steel, the main cause being 

associated with an uneven distribution of carbideïrich microstructural constituents 

[Garcia et al., 2007]. Pyshmintsev et al. also reported that the modern X80 linepipe 

tends to show no clear correlation between the {100} planes and ductile fracture 

parallel to the rolling plane [Pyshmintsev et al., 2012] 
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III. Experimental 

3.1. Sample Preparation 

The steels used in the present study were two APIïX80 steels and four APIïX70 

steels. Their chemical compositions and processing parameters are shown in Tables 

3.1 and 3.2 respectively. All the conditions meet the API 5L specification for 

linepipe steels [API Recommended Practice, 1996]. 

The slabs were subjected to austenitisation between 1100 and 1180 °C to dissolve 

all the alloying elements and to the minimize grain size of recrystallised austenite. 

These were followed by severe rolling to obtain fine grain size for all the steels 

[Tamura et al., 1988; Suh et al., 2008]. X80_A, X80_B and X70_A have different 

compositions but similar processing variables; rolling was finished and cooling was 

started above Ar3, in order to investigate the effect of composition on the toughness 

anisotropy. In contrast, X70_B, X70_C and X70_D have same compositions but 

different processing variables; rolling was finished and cooling was started above 

Ar3 for X70_B, rolling was finished above Ar3 but cooling was started between Ar1 

and Ar3 for X70_C, and rolling was finished and cooling was started between Ar1 

and Ar3 for X70_D, in order to investigate the effect of processing variables on the 

orientation dependence of toughness. 

The orientations of the specimens were determined as L, D and T having the long 

axes of the test specimens inclined at 0°, 45° and 90° respectively to the rolling 

direction (RD). 
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Table 3.1. Chemical compositions of the target steels (wt%). 

Steels C Mn Si P+S Nb+Ni+Mo Ti+Al  V+Cr+Cu  N 

X80_A < 0.08 < 2.0 0.21 < 0.013 < 0.8 0.03  < 0.0036 

X80_B < 0.06 < 2.0 0.31  < 0.5 0.02 0.30  

X70_A < 0.08 < 1.7 0.25  < 0.4 0.03 0.15  

X70_B < 0.07 < 1.7 0.25  < 0.7 0.05 0.20  

X70_C < 0.07 < 1.7 0.25  < 0.7 0.05 0.20  

X70_D < 0.07 < 1.7 0.25  < 0.7 0.05 0.20  

 

Table 3.2. Processing parameters of the target steels. 

Steels 

Reheating 

Temp. (°C) 

Cooling Final 

Thickness 

(mm) 

SCT
*
 (°C) FRT

*
 (°C) CT

*
 (°C) 

X80_A 1100 ~ 1180 Above Ar3 Above Ar3 < 550 18 

X80_B 1100 ~ 1180 Above Ar3 Above Ar3 < 550 18 

X70_A 1100 ~ 1180 Above Ar3 Above Ar3 < 550 18 

X70_B 1100 ~ 1180 Above Ar3 Above Ar3 < 550 21.6 

X70_C 1100 ~ 1180 

Between 

A r1 and A r3 

Above Ar3 < 550 21.6 

X70_D 1100 ~ 1180 Above Ar1 

Between 

A r1 and A r3 

< 550 21.6 

*
 SCT, FRT and CT stand for start cooling temperature, finish rolling 

temperature and coiling temperature respectively. 
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3.2. Mechanical Tests 

3.2.1. Tensile 

The tensile specimens were machined according to the flatïtest specimen ASTM E8 

standard. The geometry with dimensions and the orientation are illustrated in Fig. 

3.1. The experiments were conducted on a Zwick/Roell Z100 tensile machine at 

room temperature, using a crosshead speed of 3.6 mm min
-1
 (strain rate 

approximation 0.001 s
-1
) with fullïsized sheet type test coupons each with a gauge 

length of 2 inch. 

 

3.2.2. Charpy 

The Charpy specimens were machined according to the ASTM A370 standard. 

Charpy Vïnotched specimens 10 ³ 10 ³ 55 mm in size, each with a 2 mmïdeep Vï

notch, were used in tests conducted between ambient temperature to -100 °C. The 

experiments were performed on a Zwick/Roell BRA307204 Charpy impact machine 

of maximum recordable impact energy of 750 J. The test temperature was controlled 

using a Kïtype thermocouple attached to the specimen. Fig. 3.2a shows the 

conventionally specified orientations of the Charpy specimen relative to the steel 

processing directions, with LïT, TïL and DïD designations, in which the first letter 

represents the sample direction and the second the impact direction. The notches in 

this case are all normal to the plate. Fig. 3.2b shows additional specified 

orientations of the Charpy specimen but with the notches parallel to the plate, with 
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LïS, TïS and DïS. Here, S stands for short transverse direction parallel to the plate 

normal. Note that the planes on which fracture occurs are the same for the 

conventional and additional orientations in Fig. 3.2, but the difference comes from 

the direction of impact during the Charpy test. The DBTT was determined from the 

Charpy curve as the temperature corresponding to the half value of the upper shelf 

energy. 

 

Figure 3.1. Tensile specimens. (a) Dimensions and geometry, (b) 

orientations. L, D and T stand for longitudinal, diagonal and transverse 

respectively. 

Width 
0.50 
± 0.01 in. 
(12.7 mm 
± 0.2 mm) 

20 mm 

Thickness 
0.08 in. 
(2 mm) 

(a) Dimensions and geometry 

ND 

RD 

TD 

API steel sheet T 
D 

L 

(b) Orientations 

55 mm Reduced section 
2.25 in. min. 
(57.2 mm) 

Gauge Length 
2.0 in. ± 0.005 in. 

(50.8 mm ± 0.1 mm) 

200 mm 

55 mm 

Fillet radius 
0.25 in. min. 
(6.4 mm) 



 

61 

 

Figure 3.2. Charpy specimens. (a) Conventional, (b) additional orientations. 

L, D, T and S stand for longitudinal, diagonal, transverse and short 

transverse respectively. 

 

3.2.3. Hardness 

The hardness tests were carried out in two ways, macroscopic tests using a Wilson 

Wolpert 430/450ïSVD tester with a load of 10 kgf, dwell time of 10 s and 

magnification of x100. The other was microïhardness using a FutureïTech FMï700 

tester with a load of 50 gf, dwell time of 10 s and magnification of x500 to 

characterise specific microstructural constituents. 

 

API steel sheet 

ND 

RD 

TïL 
DïD 

LïT 

(a) Conventional 

ND 

RD 

TD 

TïS 
DïS 

LïS 

(b) Additional 

API steel sheet 

TD 
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3.3. Microstructural Observations 

3.3.1. Metallography 

Most of the observations of microstructure and crystallographic texture were carried 

out on 4 surfaces, which are the RDïTD surface and the surfaces parallel to the 

fracture surfaces of LïT, DïD and TïL in conventional Charpy specimens. The 

surfaces metallographically prepared, but the details vary and will be mentioned in 

context. 

 

3.3.2. Optical and scanning electron microscopy 

Micrographs were taken at random locations of the designated 4 surfaces in all the 

steels investigated using a LEICA DM4000M optical microscopy (OM) and a Carl 

Zeiss Ultra 55 fieldïemission scanning electron microscopy (FESEM). The samples 

were prepared using standard methods. The surfaces were ground using 200ïgrit 

silicon carbide paper and mechanically polished with diamond paste of 0.1 ɛm. The 

samples were etched using either 2% nital solution (2 ml nitric acid with 98 ml 

methanol) to observe ferrite grain boundaries, or colour tint etching (4% picral 

mixed with few drops of concentrated hydrochloric acid and 10% aqueous sodium 

metabisulfite solution) for multiphase steels to determine the fractions of phases 

with image processing [De et al., 2003]. 
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3.3.3. Transmission electron microscopy 

For transmission electron microscopy (TEM), thin foil samples were prepared from 

80~90 ɛm and 3 mm diameter discs, which were electroïpolished in 5% perchloric 

acid with 95% acetic acid at 15 °C. The experiments were carried out on a JEOL 

JEM 2100F fieldïemission transmission electron microscopy (FETEM). 

 

3.3.4. Energy dispersive Xïray spectroscopy and electron backï

scattered diffraction 

For orientation imaging with crystallographic information using electron backï

scattered diffraction (EBSD), and for inclusion detection using energy dispersive 

Xïray spectroscopy (EDS), samples were mechanically polished with colloidal 

silica in the final polishing stage. Orientation images were taken at an operating 

voltage of 20 kV, a working distance of 20 mm and a tilt angle of 70°. Data were 

collected using a step size of 0.2 ɛm at a magnification of 2000. Using EBSD, 

microtexture data can be obtained in finer scale compared with Xïray diffraction 

(XRD) which yields overall texture. The data were analysed using TSL OIM 5 

software. 

 

3.3.5. Xïray diffraction 

The specimens were machined to 12 ³ 10 mm with thickness of 2 mm, and finishï

polished using 6 ɛm diamond paste for Xïray diffraction. The orientation 
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distribution function (ODF) of the specimen was measured using a Bruker D8 

Advance Xïray diffraction equipment with Co KŬ radiation. The orientation 

distribution of the (110), (200), (211) and (311) poles were used for ODF 

calculations. 
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3.4. Metallurgical Experiments 

3.4.1. Heat treatment 

A simple heat treatment was conducted to investigate the effects of microstructure 

and texture on toughness anisotropy in X80_A steel. The specimen was heated from 

room temperature in a furnace at 1 °C s
-1
 and kept for 10 min at 890 °C, followed by 

water quenching to room temperature. It should be noted that the Ae3 temperature 

was calculated as 840 °C using the metallurgical and thermochemical databank 

(MTDATA ) and the TCFE4 database [NPL, 2006]. The annealing temperature was 

chosen as 890 °C to minimize the prior austenite grain size and to suppress austenite 

grain growth as much as possible in order to retain the texture memory effect 

[Demura et al., 2007; Lischewski et al., 2008]. Before the heat treatment, several 

dilatometric experiments in different temperatures were carried out to take account 

the possibility of change in microstructure. For dilatometric experiments, samples 

were machined cylinders 3 mm diameter and 10 mm length, and the experiments 

were performed on a BAHR DIL805 dilatometer. 

 

3.4.2. Computer simulation 

A computer program was created to simulate the number of grains having specific 

orientations when the set of generated grains satisfied the distribution of 

misorientation angles for a randomly textured polycrystalline sample [Mackenzie, 

1958]. A hypothetical fraction of randomly oriented 10,000 grains was calculated in 
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order to compare to actual fractions in the investigated steels. The source code of 

the program is listed in Appendix C to the materials algorithms project (MAP) 

standard [MAP] . 
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IV. Anisotropy of Linepipe Steels 

4.1. Microstructures 

Fig. 4.1 shows the optical micrographs of X80_A steel etched with a 2% nital 

solution. The micrographs indicate a mixed microstructure of fine products along 

with what appears to be coarse grained ferrite, which looks like banding. The black 

dots could be pearlite or small quantities of martensite & retained austenite [Ikawa 

et al., 1980] or carbides, but cannot clearly be identified in this stage. 

Figs 4.2 and 4.3 show optical micrographs with the colour tint etching. Here, strawï

coloured martensiteïaustenite constituents (M/A) was revealed in everywhere 

(white arrows in Fig. 4.3). Fine grained area was more severely etched than coarse 

grained area. Since picral attacks carbides, it might be from the uneven distribution 

of carbides between them. 

The presence of the allotriomorphic ferrite was established using scanning electron 

microscopy with diffraction facilities; allotriomorphic ferrite is the product of 

diffusional transformation and hence the grains that grow are relatively free from 

dislocations. As a consequence, individual grains have little spread in 

crystallographic orientation. Fig. 4.4 shows regions in which this spread is less than 

1.5°, which is regarded as threshold value of grain orientation spread in 

recrystallised grains [Mitsche et al., 2006], with boundaries identified when the 

orientation difference is greater than 15°. 
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Figure 4.1. Optical micrographs in X80_A steel: Surface normal to (a) ND, (b) 

TD, (c) DD and RD. 2% nital etched. RD, TD, ND and DD stand for rolling 

direction, transverse direction, normal direction and diagonal direction 

respectively. 

 

The remainder of the structure is too fine to resolve, but transmission electron 

microscopy suggests that it is some form of plateïlike, heavily dislocated structure 

in the coarse grained region, probably bainite given that X80_A steel is cooled 

continuously, Fig. 4.5. In fine grained region, aggregate of ferrite plates with a 

significant dislocation density was also observed. 
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Figure 4.2. Optical micrographs in X80_A steel: Surface normal to (a) ND, (b) 

TD, (c) DD and RD. Colour tint etched. 

 

Figure 4.3. Optical micrographs of surface normal to ND in X80_A steel. 

Colour tint etched. White arrows indicate strawïcoloured M/A. 
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Figure 4.4. Map of grain orientation spread in X80_A with the value less 

than 1.5° in a grain with boundaries identified using the criterion that the 

orientation difference is greater than 15°. 

 

Figure 4.5. The TEM micrographs of the X80_A steel: (a) STEM micrograph 

of coarse grained region, (b) TEM micrograph of acicular type in fine grained 

region with cementite precipitation indicated by the white arrow. 
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Figure 4.6. SEM micrographs in X80_A steel: Surface normal to (a) ND, (b) 

TD, (c) DD and RD. 2% nital etched. 

 

There is evidence of some cementite precipitation, as shown by the arrow in Fig. 

4.5b. Cementite associated with pearlite and the M/A phase, can be seen in the 

regions thought to be bainitic as shown in Fig. 4.6, but their fractions are very small. 

As mentioned previously, Figs 4.1 and 4.2 show signs of banding due to the 

existence of chemical segregation inherited from the solidification stage and spread 

into layers by the rolling deformation. Manganese is known to play a prominent role 

in the development of bands because the transformation to allotriomorphic ferrite 

occurs first in Mnïdepleted regions so that the residual austenite becomes enriched 
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in carbon. The latter then transforms into pearlite or harder phases such as bainite 

depending on the rate of cooling experienced by the steel. 

In summary, the microstructure of X80_A steel consists of bainitic ferrite, 

allotriomorphic ferrite, pearlite and martensiteïaustenite constituents. In particular, 

the bainitic ferrite can be categorised into two types; fine grained with carbides and 

carbideïfree coarse grained regions. The hardness values in the fine and coarse 

microstructures are found to be approximately 266 ± 2 and 230 ± 3 HV, respectively, 

and the macroscopic hardness value was 220 ± 6 HV. 

 

 

Figure 4.7. Optical micrographs in X80_B steel: Surface normal to (a) ND, (b) 

TD, (c) DD and RD. 2% nital etched. 
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Figure 4.8. Optical micrographs in X80_B steel: Surface normal to (a) ND, (b) 

TD, (c) DD and RD. Colour tint etched. 

 

Fig. 4.7 shows the optical micrographs of X80_B steel. The microstructure looks 

different with fewer precipitates than X80_A steel as shown in Fig. 4.1 since it has 

less carbon than X80_A steel. However, in colour tint etching as shown in Fig. 4.8, 

the microstructures appear similar with carbideïfree coarse grained regions and 

carbideïcontaining finer regions with M/A. Further detail is illustrated in Figs 4.9 

and 4.10. The hardness values in the fine and coarse microstructures are found to be 

250 ± 4 and 221 ± 4 HV, respectively and the macroscopic hardness value was 241 

± 2 HV. 

 

RD 

ND 

TD 

ND 

20 ɛm 

a b 

d c 

RD 

TD 

DD 

ND 



 

74 

 

Figure 4.9. SEM micrographs in X80_B steel: Surface normal to (a) ND, (b) 

TD, (c) DD and RD. 2% nital etched. 
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Figure 4.10. Map of grain orientation spread in X80_B with the value less 

than 1.5° in a grain with boundaries identified using the criterion that the 

orientation difference is greater than 15°. 
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Figure 4.11. Optical micrographs in X70_A steel: Surface normal to (a) ND, 

(b) TD, (c) DD and RD. 2% nital etched. 

 

Figs 4.11 and 4.12 represent X70_A steel with coarse and fine grained regions, and 

some banding containing M/A. Pearlite and allotriomorphic ferrite are apparent in 

Figs 4.13 and 4.14. There is a greater amount of pearlite than in X80_A steel, but 

fraction is still small. The hardness values in the fine and coarse microstructures are 

256 ± 4 and 227 ± 5 HV, respectively, with a macroscopic hardness of 220 ± 4 HV. 
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Figure 4.12. Optical micrographs in X70_A steel: Surface normal to (a) ND, 

(b) TD, (c) DD and RD. Colour tint etched. 
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Figure 4.13. SEM micrographs in X70_A steel: Surface normal to (a) ND, (b) 

TD, (c) DD and RD. 2% nital etched. 
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Figure 4.14. Map of grain orientation spread in X70_A with the value less 

than 1.5° in a grain with boundaries identified using the criterion that the 

orientation difference is greater than 15°. 

 

X80_A, X80_B and X70_A steels have similar microstructures, containing 

allotriomorphic ferrite, coarse and fine grained bainite and M/A. X80_A and X70_A 

steels also contain a small amount of pearlite. Volume fractions measured using 

image processing are listed in Table 4.1, but it is not possible to distinguish between 

allotriomorphic and bainitic ferrite using this technique so the fraction of 

allotriomorphic ferrite was evaluated using EBSD experiments, and bainite regions 

result from the difference with the optical clarity. Table 4.2 shows that the steels 

have similar hardness with X70_A being somewhat softer due to its large 
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allotriomorphic ferrite content. 

The metallographic and crystallographic grain sizes calculated as a function of 

misorientation in Table 4.3, and the difference is illustrated in Fig. 4.15, with 

showing banding clearly between fine and coarse grained ferrite. 

The development of microstructure in linepipe steels can be explained as follows. 

The liquid steels solidify when an uneven distribution of manganese, leading to Mn 

banding during rolling in the austenitic state. Allotriomorphic ferrite starts to form 

at Ar3, with the partitioning of carbon into the residual austenite. On further cooling, 

the manganeseïdepleted residual austenite transforms into coarse grained bainite, 

with the enriched remainder then forming the fine bainite richer in carbides. Some 

austenite decomposes finally into martensite and some is retained, to form the soï

called M/A phase. Fig. 4.16 illustrates the development of microstructure in linepipe 

steels. 
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Table 4.1. Volume fractions of phases. 

Steels 

Volume fractions of phases 

Allotriomorphic  

ferrite  

Fine grained 

bainite 

Coarse grained 

bainite 

Others 

X80_A 0.17 ± 0.02 0.35 ± 0.05 0.48 ± 0.05 M/A, Pearlite 

X80_B 0.14 ± 0.01 0.35 ± 0.05 0.51 ± 0.05 M/A 

X70_A 0.29 ± 0.07 0.25 ± 0.06 0.46 ± 0.06 M/A, Pearlite 

 

Table 4.2. Hardness data. 

Steels 

Hardness (HV) 

Macroscopic Fine grained bainite Coarse grained bainite 

X80_A 241 ± 2 266 ± 2 221 ± 4 

X80_B 241 ± 2 250 ± 4 221 ± 4 

X70_A 220 ± 4 256 ± 4 227 ± 5 

 

Table 4.3. Grain size data. 

Steels Metallographic grain size
*
 (ɛm) Crystallographic grain size

*
 (ɛm) 

X80_A 1.42 ± 1.36 10.32 ± 3.83 

X80_B 1.38 ± 1.46 11.26 ± 4.19 

X70_A 1.63 ± 1.48 9.13 ± 2.93 

*
 Metallographic and crystallographic grain size with grain boundary misorientation 

Ó 2Á and 15° respectively.  
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Figure 4.15. Grain maps of surface normal to TD in X80_A steel. The maps 

represent the difference in grain size between when grain boundary 

misorientation is greater than (a) 2° and (b) 15°. Black lines represent grain 

boundaries and each grain is highlighted in its own colour. 
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Figure 4.16. Schematic illustration of development of microstructure in 

linepipe steels. 
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4.2. Mechanical Properties 

4.2.1. Tensile 

The tensile properties measured as a function of sample orientation (Fig. 3.1b) are 

summarised in Table 4.4. All of the data meet the API 5L specification for linepipe 

steels [API Recommended Practice, 1996]. óTô orientations show the highest 

strength whereas better elongations are observed along the óDô orientations in all the 

steels, although the differences are rather small. 

 

Table 4.4. Tensile properties of the investigated linepipe steels. 

Steels Orientations YS
*  
(MPa) UTS

*  
(MPa) TE

*  
(%)  UE

*  
(%)  

X80_A 

T 634 ± 29 707 ± 16 14.7 ± 1.1 7.1 ± 1.4 

D 600 ± 35 663 ± 10 15.8 ± 1.9 7.7 ± 1.9 

L 602 ± 35 676 ± 4 13.0 ± 2.0 7.1 ± 1.7 

X80_B 

T 633 ± 8 722 ± 4 15.8 ± 0.7 8.6 ± 0.3 

D 582 ± 13 667 ± 6 19.7 ± 0.7 10.2 ± 0.3 

L 572 ± 9 691 ± 3 17.1 ± 0.9 10.1 ± 0.3 

X70_A 

T 581 ± 2 657 ± 5 17.1 ± 1.5 9.5 ± 0.4 

D 528 ± 2 608 ± 3 21.6 ± 0.5 10.4 ± 0.3 

L 528 ± 17 631 ± 5 15.4 ± 1.2 9.9 ± 0.2 

*  
YS, UTS, TE and UE stand for yield strength, ultimate tensile strength, total 

elongation and uniform elongation respectively. 
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4.2.2. Charpy 

Fig. 4.17 shows the changes of Charpy energy with temperature and test orientation 

for the conventional notch orientation (Fig. 3.2a) in X80_A steel. As might be 

expected, and consistent with the tensile test data, anisotropy is minimal when 

failure is in the ductile regime, or when the sample fails in a completely brittle 

manner during test at -100 °C. In contrast, the orientation dependence of Charpy 

energy is marked in the ductileïbrittle transition temperature range, with the DïD 

orientation faring worst. This might be expected given that Fig. 4.17a shows that the 

impact transition temperature itself is orientationïdependent. Note that it is unlikely 

that the small differences in strength noted in the data of Table 4.4 can be 

responsible for the observed anisotropy of Charpy properties [Kapp and Underwood, 

1992]. X80_B and X70_A steels show similar tendencies but with the minima in 

toughness recorded at different test temperatures as shown in Figs 4.18 and 4.19. 

 

Figure 4.17. Charpy properties of X80_A: (a) the impact transition curve and 

(b) the anisotropy curve. The specimens have the conventional notch 

orientations. 

a b 
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Figure 4.18. Charpy properties of X80_B: (a) the impact transition curve and 

(b) the anisotropy curve. The specimens have the conventional notch 

orientations. 

 

 

Figure 4.19. Charpy properties of X70_A: (a) the impact transition curve and 

(b) the anisotropy curve. The specimens have the conventional notch 

orientations. 
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4.3. Inclusions 

In order to examine the ductile fracture behaviour, it is necessary to investigate 

inclusions. Figure 4.20 shows the result of EDS in X80_A steel. Clusters of 

complex oxide with calcium sulphides were found. If the inclusion has enough 

plasticity to be elongated in the rolling process then the interface between the 

inclusion and matrix can be an easy crack propagation path, leading to toughness 

anisotropy [Mohan, 1995a]. However, the inclusions are not elongated, compatible 

result with isotropic properties in the upper shelf regime of the Charpy curve (Fig. 

4.17a). 

X80_B and X70_A steels also have inclusions of spherical shape but of a different 

type as shown in Figs 4.21 and 4.22. In X80_B and X70_A steels, aluminium oxide 

with calcium sulphide was found. But this kind of inclusion lacks plasticity 

[Shackelford and Doremus, 2008], so it is unlikely to influence toughness 

anisotropy. 
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Figure 4.20. EDS result from X80_A steel. 
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Figure 4.21. EDS result from X80_B steel. 
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Figure 4.22. EDS result from X70_A steel. 
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4.4. Fractography 

The fracture surfaces of Charpy specimens in X80_A steel are shown in Figs 4.23 

and 4.24, showing brittle fracture becoming dominant as the test temperature is 

reduced. The cleavage facet size was measured as approximately up to 20 ɛm at   

-100 °C (Fig. 4.23c), which exceeds the average crystallographic grain size (Table 

3). In Fig. 4.23, partial splitting of the Charpy specimen parallel to the rolling plane 

is observed in specimens with LïT and TïL orientations for -20 °C to -60 °C but 

with DïD orientation only for -20 °C (white arrows). This splitting is commonly 

referred to as ñdelaminationò, attributed to weakness parallel to the rolling plane as 

a consequence of inclusion alignment or microstructural anisotropy. 

Delamination in the ductile regime is reported to reduce the upper shelf energy 

because it is related with separation on {100} cleavage planes [Schofield, 1974]. 

However, it can contribute to the toughness in the transition region when the split 

occurs on a plane not containing the notch [Song et al., 2005]. From the variation in 

Charpy energy and the corresponding fracture surfaces shown in Figs 4.17 and 4.24, 

it is evident that the LïT and TïL orientations with higher impact energy in the 

ductileïbrittle transition region always have the delaminations as a part of the 

fracture process. For the DïD orientation, the impact energy is comparable to those 

of other orientations at -20 °C where the delamination is a feature of all fracture 

surfaces, but the energy decreases sharply at lower temperatures in the absence of 

splitting. This indicates clearly a relationship between the observed Charpyïenergy 

anisotropy and the occurrence of delamination at fracture surface. Furthermore, the 
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D orientation when compared with other directions has a slightly lower strength 

with slightly higher elongation in tensile tests. It is nevertheless more brittle, 

correlating with the absence of delamination in Charpy specimens tested in the 

brittle regime.  

 

 

Figure 4.23. Fracture surfaces of LïT orientation specimen in X80_A steel at 

(a) room temperature, (b) -20 °C (c) -60 °C, and (d) -100 °C 
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Figure 4.24. Fracture surfaces of Charpy specimens from room temperature 

to -80 °C of TïL, DïD and LïT orientations with delaminations indicated by 

white arrows in X80_A steel. 
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Figure 4.25. The change of the stress intensity factor as a function of 

sample thickness. 

 

The role of delamination can be explained as follows. The classical curve 

representing the variation in fracture toughness as a function of sample thickness, 

i.e., as a function of whether the sample is subjected to plane stress or plane strain 

conditions, is illustrated schematically in Fig. 4.25 [Meguid, 1989; Knott, 1973]. 

Delamination during Charpy testing will alter the stress state favourably, leading to 

an improved value of energy absorbed ï in effect, producing additional shear lips 

which are characteristic features at the surfaces of nonïdelaminating samples [Song 

et al., 2005]. It has been pointed out previously in a study of thickness effects [Guo 

et al., 2002] that the occurrence of delamination reduces the out of plane constraint; 

this would in turn lead to an increase in the tendency for ductile fracture and hence 

KC 

KIC 

Plane 
Stress 

Plane 
Strain 

Thickness 



 

95 

a higher impact energy in a Charpy test. This is irrespective of the fact that the 

fracture that leads to delamination is brittle (Figs 4.26 and 4.27), as long as it 

precedes the gross fracture of the sample. 

 

 

Figure 4.26. Micrographs of the fracture surfaces of the LïT orientation with 

delamination in X80_A steel, (a) fracture surface of the steel processed at   

-60 °C, (b) delamination, and (c) inside of the delamination. 
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Figure 4.27. Side view of delamination of the LïT orientation processed at   

-70 °C in X80_A steel: (a) Side view of the delamination, (b) ductile fracture 

near the initiation part of the delamination and (c) brittle fracture of the end 

part of the delamination. 

 
The occurrence of delamination might be attributed to crystallographic texture; 

cleavage delaminations are known to occur in warmïrolled steel and have been 

discussed in terms of texture [Bourell and Sherby, 1983]. Other causes include 

intergranular failure along prior austenite boundaries, segregation of P and S, 

anisotropy of microstructures, banding and aligned particles and inclusions [Tamura 

et al., 1988; McEvily et al., 1962; Shin et al., 2009b]. Some of these factors can 

clearly contribute in the present context, but Fig. 4.28 indicates that microstructural 
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banding is an important culprit in X80ïA steel. A close examination of the (arrowed) 

regions on either side of the separation in Fig. 8b shows that the delamination 

occurs between the relatively clean and coarse grained region, and on the opposite 

side, a refined region richer in the harder phases. This might be expected given the 

mechanical incompatibilities that must inevitable exist between the bands. 

However, there also seems to be a significant difference in the crystallography of 

the regions on either side of the delamination. Fig. 4.29 shows orientation imaging 

around the delamination in the specimen with LïT orientation tested at -40°C in 

X80_A steel. The macroscopic texture is different in the coarser and refined bands, 

and this in turn must add to the mechanical incompatibilities. Also, the grain 

orientation spread in upper and lower regions separated by delamination shows a 

remarkable difference, meaning that the delamination occurs along the boundary 

between bands of fine and coarser structures. 

 

 

Figure 4.28. Delamination of the LïT orientation specimen processed at    

-40 °C in X80_A steel. 
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