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Abstract

Pipes can be manufactured by welding spirals of rotied linepipe stees. This
process has a cost advantage relativen®s in which the steel is seam welded after
bending into a tullar shape. Even though properties such as the Charpy toughness
and strength meet minimum specifications, the existence of anisotropy can
compromise, for example, the Bilty of the pipe to lnckling. 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 theiolled linepipe steelsSix alloys of

grade APiIX70 and X80have beeninvestigated.Regardless of their different
chemical compositions and processing variables, all the steels show similar
anisotropy featureghe ductile toi brittle transition temperature is highest for the
Charpy specimenmachined in a diagonal direction relative to the rolling direction.

It is known that orientatidrdependent properties in linepipe steedsrelate with
inclusions, microstretural anisotropy and unfavourable crystallographic textuare.

the present studyhe occurrence oflelaminatiorand preferential alignment dfL00}



ferrite cleavage planeare found to be key factors in determining the observed
anisotropy inCharpyproperties Delamination is related to the presence of banding
in hofirolled steels, and the additional plasticity it entails during the process of
fracture leads to an effective increase in toughnéss a consequence, the
toughness is worst when the Gharspecimen is machined at°4® the rolling
direction because the extent of delaminatibthat orientation is minimal.

The crystallographic texturealso lead to a greater propensity of {100} ferrite
planes parallel to the fracture surface for thé dfentation, leading to a further
decrease in toughnedsven though delamination was avoided since microstructural
banding waseliminated after a quenching heat treatment, the crystallographic
texture wagetaineddue to the texture memory effect so thaisotropic mechanical
properties resisted.

This implies that the anisotropy in Mhodlled steel is the essence of the problem
because the microstructural banding and the typical rolling and transformation
textures, {112}<110> and {001}<110of ferrite, cannot be avoided in hétolled

steels.
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Chapter I. Introduction

Linepipe steels have for many decades been in demand but are besitading
because there isnaexpansion in theneed to transporfossil fuels over large
distances and in dire environments. There are many essential properties for linepipe
steels. They need tobe weldalle, possess low yield to ultimate tensile strength
ratio for safe design, and suitable strength and toughness for transjfloitisgat

high pressuredt is necessary for the steel to resigtrogefiinduced cracking and
sulphide stresiscorrosion crackingbecause lovwgrade petroleumwells contain
hydrogen sulphide

In order to lower the cost of construction, idisirableto replace expensive thick
plates by cheag, hofi rolled spirai welded pipes. But, largealibre spiral welded
pipes have not bearxploitedfully due totheir anisotropy of mechanical properties
anddecrease istrength after pipe forming [Sex al, 2007; Kim and Bae, 2@

The anisotropy of toughness a particular problemwith toughness depending on
the orientation relativeto the rolling direction The latter is of case the
circumferential direction of spiravelded pipe, whichhormally experienceghe
highest loadhoop stress)would have weakest toughness and strength than other
orientations]Kim and Bae, 2(). This increases the chances of fractiitang et

al., 2004; Stalheinet al, 2007].1t is the purpose of the present work to understand
the orientation dependence of the Charpy energy.

The orientation dependence of toughnesa vgelli known phenomenon for Hot

rolled steels [Fegredo, 1975; Rayal, 1995]. There have been many attempts to

1



understand and control the toughness anisotropy. Three faeegsemergetfom
previous researchhe nori uniform distribution of inclusions witharious sizes and
shapes, microstructural anisotropy due to banding and crystallographic texture. The
current researcls an attempt taescribeprimarily the X80 grade of API linepipe

steel and its mechanical propertiparticularly the toughness at themperatures

below-20°C.



Chapter Il. Literature Review

2.1. Austenite to Ferrite Phase Transformation

The different forms of ferritg0) that form during the solicstate transfer of
austenite(9) in steels can be categorised into reconstructive or displative.
former transformation involveghe redistribution of atoms between parent and
product phase by a process of diffusion. Atoms are thermally activated to undergo
random jumps across the teformation interface in a manner which minies
strain energy. Any resulting shamieformationis due to the change in density
accompanying transfmation Therefore, reconstructive transformation may not
occur at low temperatures where atomic mobilitirsted. Allotriomorphic ferrite,
idiomorphic ferritef Dubéet al, 1958; Bhadeshia, 198ahd pearlitd Sorby, 1886;
Ridley, 1984; Howell, 1998)elong to this class of transformation.

During displacive transformation, the atoms move less than an ortecadlistance

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 #f@pewhich minimises strain energy.
Normally, an invariani plane strain shape deformation with a large shear
componentesults So the transformation can occur at low temperatoeeause the
diffusion of substitutioal elementds not necessaryVidmanstatten ferritfVatson

and McDougall, 1973]bainite [Ko and Cottrell, 1952; Srinivasan and Wayman,
1968; Swallow and Bhadeshia, 1996ticular ferriteStrangwood and Bhadeshia,

1987; Babu and Bhadeshia, 19%#]d martensitgGreninger and Troiano, 1940;

3



Bowles and MeKenzie, 1954; Wechslet al, 1953]arein thedisplacivecategory
The scheme is summarisedFig. 2.1. The ternfiparaequilibriund means that the
carbon can be partitioned but the substitutional atoms do not diffuse, so the ratio of

the substitutionalo iron atoms is unchanged by transformafBiadeshia, 2001]

MASSIVE FERRITE

No change in bulk
composition.

s ™
s ™
RECONSTRUCTIVE DISPLACIVE
Diffusion of all atoms during Invariant-plane strain shape
nucleation and growth. deformation with large shear
Sluggish below about 850 K. component.
No iron or substitutional
. > solute diffusion.
Thin plate shaps.
\ w
ALLOTRIOMORPHI WIDMANSTATTEN
FERRITE FERRITE
Carbon diffusion during ]
IDIOMORPHIC paraequilibrium nucleaticn &
FERRITE growth. )
- ¢ ™

e

PEARLITE

Cocperative growth of
L ferrite & cementits.

BAINITE & ACICULAR
FERRITE
Carbon diffusion during

paraequilibrium nucleation. No
diffusicn during growth.

oy

MARTENSITE

Diffusionless
nucleation & growth.

Figure 2.1. Summary of the variety of phases generated by the
decomposition of austenite. Courtesy of H. K. D. H. Bhadeshia [Bhadeshia,

2001].



2.2. Linepipe Steels

Linepipe steels are used mostly for the economic transmission of crude oil and
natural gas from regions which the fuels are mined to thosewhere theyare
utilised to generate energy. Table 2.1 summarises the enormous level of linepipe

construction thais currently in progress.

Table 2.1. High strength linepipe projects over the period 20077 2012

[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 propertiesidability, a low yield to ultimate
strength ratio with safe desigand obviously, a high level of toughness. Indekd, t
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
devebped an excellent combination of required strength and toughness steels for
the pipe by optimizing technologies such as microalloying and thenechanical

processing. The strength not only helps transmit fluids at higher pressures, but can



achieve bettedesign when the weight can be reduced in the context of pipes which
have to hang from an ocdaurface collection vessel. The toughness helps mitigate
disasters, particularly the lohigange propagation of higkelocity cracks [Kim,
1983; Fairchildet al, 2002; Corbettet al, 2004]. Low grade petr@um wells
contain much sour ga@,S), so the steels particularly need to resist hydrbgen
induced crackindHIC) and stresscorrosion crackingSCC) Further issues arise
because significant changes occur in mechanical properties aftefopipieg, such

as the change of yield strengtihdecrease in impact toughness due to the work
hardening and so on [Sest al, 2007; Kim and Bae, 2@) These andother
requirements needed to ensure integrity during service arékneln and to a
large extent understood and incorporated into practice, both via specifications and

detailed analysis.

2.2.1. Characteristics of linepipe steels

The gradedesignationof linepipe steel follows the standards dfet American
Petroleum InstitutgAPI). The designation i€ategorsed by the yield strength
expressed in megagma per square inch, for example X42, X60, and so on. The
yield strengthcan bedescribed by a modified HalPetch equation [Hall, 1951;

Petch, 1953]



L ) i ) Q 7 (2-1)

" . lattice friction stress

” . solid solution strengthening stress
» . precipitation strengthening stress
" . dislocation strengthening stress

" . texture strengthening stress

Q . constant

Q . ferrite grainsize

Recently, X60, X70 and X80 grades have seen wide application, although even
stronger alloys such as X100 have yet to be dathmercialsed. Table2.2 shows

the standard for X65 ~ X80 [API Recommended Practice, 1996], but it can be
modified by the demands of custommer the conditions in which the steels will be
used. Normally, the steels contain other alloying elements suchniakel,
molybdenum, copper, aluminiymtc.to control the mechanical properties required.
Beyond the high strength and elongation values listedable 2.2 the low
temperature toughness may be improved by grain refining and reducing the carbon
concentration. The latter can be particularly helpful in enhancing weldabiliBy

and SCCresistance can be improved by reducing impurity concentrations through
the control of nonmetallic inclusions in the steelThe actual chemical

compositions of th&X65, X70 and X80 steels are listed in Appendix A.



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 hatrolled steels. Linepipe steel microstructures can be divided

essentially into the following fundamental phases [Kim, 1983]

1. Allotriomorphic ferritei pearlite steels.
2. Acicular ferrite or bainitic steels.

3. Multii phase steels.

Ferritd pearlite steel, which has 0-10.2 wt% carbon and micro alloying elements
such asniobium, titaniumand vanadiumfor strength hardening, is used to make
steel less strong than the X70 grade. Usually it shows the banding of pgaflite

and ferritérich area. It was developed at 1950s but still widely used with
improvements resulting from better controlled rollieghnologies. 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 othe RH (Rheinstahl and Heraeeus) refining process. Thighieg
degassing and stirring of the melt using argon injection into a vacuum vessel in
order to reduce the nbmetallic inclusions. This process is used to make steels
mechanically superior to the X70 grade [Wilson, 1965]. Multiphase steel has bainite,

marensite, retained austenite and carbonitride in the ferrite matrix. It is used to



make alloys exceeding thepecificationsof the X100 grade. Fig. 2.2 shows a
summary of linepipe steels with alloying elements according to the microstructure

and thermomechanical 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 00.26  01.40 00.04  00.05 ©0.005 ©0.005
X70 00.23  01.60 00.04  00.05 | |
X80 00.18  01.80 00.03  00.018 | |

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

(b) Mechanical properties.

_ _ _ _ Elongation
Yield strength Tensile strength Yield ratio
Grade (%, 508 mm of
(MPa) (MPa) (%)
gauge length)
X65 O 448 O 530 O 90
) , . ! . o 8
X70 O 482 O 565 O 90 0 (Pcm"“w_s
X80 O 551 620~827 O 93

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

A : cros$sectional area of the tens#pecimen in mmbasedor specified outside
diameter or nominal specimen width and specified wall thickness rounded to the
nearest 6.5 mfror 484 mm.

U : specified minimum ultimate tensile strength (MPa).



Discontinuous Significant As-rolled Nb
stressstrain [T 0SS ofstrength - ferrite-pearlite steel
from plate to pipe| [ | 0.15~0.2wt% C (X60)
Y
steel
(X60)
Normalized V-N
— ferrite-pearlite — steel
0.15~0.2wt% C (X65)
Nb
S teel
Pipeline | | N
Steels (X60)
Controlled rolled V-Nb
- pearlite reduced steel
0.08~0.12mt% C (X65/70)
Intermediate ngiﬁﬁgeriéﬂléii V-Nb-Cr
- loss ofstrength — P f .+ steel
from plate to pipe * transformation (X70)
0.08~0.12wt% C
Continuous E.nhancement Cold worked V-Nb
stressstrain ] in strength ferrite —  steel
from plate to pipe| | | (pearlite reduced (X70)
Controlled rolled] | Mo-Nb
two-phase |1 steel
0.06 wt% C (X70)
High V
H steel
(X70)
Ti-B
H steel
(X70)
Mo-Nb-V
5 steel
(X70/80)

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 (alstoosely referred tas proeutectoid ferrite, grain
boundary ferrite or polygonal ferritBhadeshia, 1985]s the first phase to
transform fromausteniteon cooling over the whole range of composition and
temperature. It starts to transform just below thg femperature ands
characterized by low dislocation densities and the absencmbstructure An
allotriomorph means that it has a shape which dogseflect its internal crystalline
symmetry. It nucleates ato grain boundaries and grows alotimpseboundaries by

a reconstructive transformation. Thgrowth is not restricted by austenite grain
boundariesThe growth ofallotriomorphicferrite is determinedby the transfer of
substitutional atomacrossy/U boundaries and of carbon atotmg diffusion The
allotriomorphic ferrite has a coherent orientation with one of the adjacent austenite
grains buta chance with any othadjacentustenite grai orientation. Therefore, it

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

otherfaces[Bhadeshia and Honeycombe, 2006].

Pearlite
Pearlite is damellar mixture of ferrite and iron carbideementite)where a pearlite
colony is a bicrystal ofementite ) andU, growing at a&ommon front with the.

The growth followsreconstructivaransformation, so the rateay becontrolled by
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the diffusivity of the relevant atoms. fle structure resembles the estenceof a
pear|l hencethe name was given as pearlite [Sorby, 1886; Ridley, 1984; Howell,

1998].

Figure 2.3. Optical micrograph of weld metal, with the martensite after
guenching 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 (U,) is a nofilamellarstructureof ferrite, with or without carbidesDuring
banitic transformation, ferrite grows first, and precipitation of carbides can follow.
The ferrite is in the form of clusters of thin platelets, calledi salts, and the
aggregates of plates are called sheaves. It follawdisplacive transformation
mechargm, with anaccompanyingnvariani planestrainshape deformatiowith a

large shear componeand occurs withouthe partitioning of substitutional alloying
elements. Bainite can be obtained by isothermal transformation at all temperatures
where the formton of pearlite and allotriomorphic ferrite is sluggish, and also at
temperatures below @lhat which martensiteoccurs There are two morphological
variantsin steel, upper and lower bainite. Upper bair(ith,), which forms at
relatively high temperatus, consists of sheaves or groups of parallel ferrite crystals,
in the form of laths or plates, with disntinuousinterlath cementite particles. In
contrast lower bainite(Uy) is characterised bferrite plates which contaifine
carbides at anglemround 58 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 bainitedoes notcontain carbides in the ferrite when lower bainite is
conventionally classified that it is in the form of ferrite with carbides being present

insidethe 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 Fei 0.3Ci4.08Cr wt%. Courtesy of H. K. D. H. Bhadeshia

[Bhadeshia, 2001].

Acicular ferrite

Acicular ferrite can be classified as bainitic ferrite since transformation
mechanism and the forming temperature of acicular ferrite argasito that of
bainitic ferrite. By inoculating molten steel with controlled additions of hon
metallic paticles, bainite can beucleatedntragranularly on the inclusionse. the
plates ofbainite nucleate hetegeneously orthe inclusions and radiate in many

14



different dire¢ions from the nucleation site$his intragranularly nucleated bainite

is called facicular ferrité [Bhadeshiaand Honeycomhe 2006] The major
difference betweebainiteand acicular ferrite comes from therphologyof their
microstructures becaugke former nucleates at austenite grain surfaces and hence
grows in the form of sheaves of parallel plateletenthe latternucleates on the
inclusions anchasmuch more disorganized microstructwih adjacentplatelets
pointing in different directions Therefore, the microstructure of acicular ferrite is
described as chaotigith alarger ability to deflect crack§ herefore, ti is believed

that the acicular ferrite is beneficial to the mechanical properties since it has fine
grains and can retard the propagation of crefficiently. The termfiaciculan
means shaped and pointed like a needle, but acicular ferrite has, iditheesions,

the shape of the thin lenticular plate, of which the aspect ratio in a random section is
about 0.1 [Bhadeshia, 2001f.should beemphasisethat this definition of acicular
ferrite is forintragranularlynucleated bainitewhich is found in wld metals It is

not clear whethethe sd calledacicular ferrite in linepipe steels iistragranularly

nucleatedIto and Nakanishi, 1976; Abson and Pargeter, 1986;Bhadeshia, 1992].

Martensite

Martensite formation followsa displacive transformatiomechanism, so it forms by
a deformation of the austenite lattiwghout any diffusion of atomshe carbonin
solid solution in the austenite, cannot diffuse out when martemsitisformation

occurs, so itcan bea hard phaseasthe carbonis formed io solid solution in
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deformation. Normally, the martensite reaction takes place athermally in steels

martensiteThe martensite structure usually contains a high density dislosatioh
has a specific orientation relationship with the parent austdiitemorphology is

thin plate or lathilike to minimize the strain energy associateith the shape

[Bhadeshia and Honeycombe, 2006].
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Figure 2.6. Microstructure of allotriomorphic ferrite and acicular ferrite.
Courtesy of S. S. Babu [Babu, 1991].

Retained austenite
[Bhadeshia, 1979].



(b)

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 heati affected zone of Ci Mn 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.
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Martensitei austenite constituent

When ferrite is transformed from austenite on cooling, the remaining austenite is
enriched in carbon due to the lower solubility edrbon inferrite relative to
austenite and becomes stable, and finallyart of this austenite decomposes into
ferrite and carbide. If the cooling sufficiently rapid, the decomposition does not
happen. Instead, the remaining austenite transforms into lath and twin martensite at
lower temperaturesand a small amount of aesiite is retained. This is theiso
called martensiteaustenite constituerfM/A), which is an unresolvable mixture of
martensite and austenitéhen using optical microscogikawa et al, 1980; Aléet

al., 1996].

2.2.4. The control of microstructure

The strengthand toughnessf the linepipe steel can be enhanced by controlling the
ferrite grain sizeAlloying often enhances the mechanical properties of the linepipe
steel by controlling the microstructure akermd mechanicalprocessing(TMP)

does.

Thermo_Mechanical 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 feiiiearlite micostructure by just air
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cooling. However, TMP can make the steels have the microstructure such as
ferritefMaciculad ferrite, ferrite/bainite and so on without pearlite by the rapid
cooling over the-10 °C s and controlled rolling. Furthermoreductilé toi brittle
transition temperatureDBTT) can be lowered by the grain refinement with TMP
[Hyzak and Bernstein, 1976; Kim, 1983; Tametal, 1988; Kimet al, 2002].
Accelerated cooling greatly enhances the strengthelfooling rate is slopandas

a consequencehe ferrite transformatiomccurs at a highemperature, thethe
structure obtainedvill be coarse. In contrast, accelerated cool@thanceghe
nucleation of ferritesince transformation temperature suppressed to greater
undercooling. In addition, the growth or coalescence of ferrite will be retarded due
to thelow transformatiortemperature. Therefore, it is possibleotmainfiner grains

of ferrite [Tanaka, 1984].

Fig. 2.9 shows the process of microstruatwhangedue to controlld rolling and
cooling [Kim, 2002]. The rolling condition can be divided into three categasies,
recrystallsation region, 9 nori recrystallsation region andU + 9 region as the
temperature decreases. In recrysafion region,the grain of austenitewill
undergoes heating and deformation, therefore the graiti be refined by
recrystallsation but in this case, theain size offerrite will be larger due to grain
growth after cooling. However, ithe nori recrystallsation region, theaustenite
grairs have a deformed shapeonsistent withrolling (often referred to as a
pancaked shape)he pancaked grains contain deformatioduced defects such as
dislocations, andeformation bang] so ferrite nucleation is possible not oatythe
austenitegrain oundaries but alswith the grain. Pancakings useful to achieve
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grain refinemenin the final productDeformation inthe U+ o region leaves the
austenite in a plastically deformed staad any ferrite that forms may also contain
a defectsubstructue. After cooling,the defomed austenitéorms equiaxedferrite

andthe defornedferrite is left assubgrairs.

Alloying

Alloying elements can enhance the mechanical properties of Sekltessuch as
Nb, V, Ti and Mo will be precipitated in the form of carbddar nitrides. If the
formation of undesirable coarse precipitates is abandoned, then the fine dispersion
of particles can retard the grain boundary motion by pinning effebich promae
the stability of a fine microstructurgHillert, 1965. Moreover, the alloying
elements can elevate the recryssation temperatureenablinga reduction irgrain
size bycontrolled rolling.

However, the segregation of the alloying elements suchanganese can result in
the banding of ferrite and pearlite in the steels. It is reportectichisteelexhibits
anisotropy of impact toughness [Matrosov and Polyakov, 1976; Wiisah 1975]
andcan be moresusceptite to hydrogeninduced crackingLyons and Plisga, 2005]

by the bandinghan an alloy which is homogeneous.
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2002].

21



2.3. Fracture Mechanisms

Fracture toughness is a property which describes the ability of a material containing
a crackto resist fracture. It is defineoh terms of the work of fractureand as a
material parameter is the critical streBgensity at which a sharp crack becomes
unstable, denoted and with units of - O JAl . Fig. 2.10 showschematically

the fracture toughness djodyi centred cubic BCC) metals as a function of
temperatur¢gKameda, 1986].

Fracturecan be discussed in termsdifctile and brittle processesDuctile fracture

is associated with considerable plasticity prior to failure. It is slow and generally
results from shear deformation and the formation and coalescence of oids.
contrast, brittle fracturénvolves the rapid propagation of cracks with niinal,

highly localisedplasticity. The fiductile to brittle transitiod occurs a 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 sensititenperature.
Becausehe 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 anisptropic
leading to a large drferls barrier which eventually it needs higher stress to move

dislocatons[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. Fig2.11shows 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 stra rate [Grimpeet al, 1999]. Therefore, in certain condit®n

such as low temperature and high strain rate, brittle fracture can be happen below
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the yield stress.

Brittle fracture at low temperatus&ame to prominenciom the Liberty ships. In

1943 duing World War 1l, many Liberty ships whicancounteredhe cold area
between Siberia and Alaska were broken due to the flaws caused by welding, local
stressconcentrationon the edge part anthe low toughness of materialgsed
[Meguid, 1989]. After this, design @ngineering structurdgs been done assuming

the existence ofinternal crack in steels and considering strength, ductility and

toughness.

Yield stress
with
high strain rate

Stress

Yield stress
with
low strain rate

Temperature

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 teoreticalstress for fracture isalculatedassumingno flaw in the material.
This means that the fracture stressresponds to thiereakingof atomic bonds in

the perfect material:
lOY N (2_2)

, .critical stress ‘O :Youngs modulus
¢ :atomic distance Y : surfaceenergyof crack per unit area

From equation 22, the theoreticdracturestress is abouOfa (about 70,000 MPa).
However, theobservedvalues arelower by a factorof 10° ~ 10°. In order to
describe this difference, Griffith considered the condition needed thHer
propagation of a piexisting crack of lengthgo in a brittle solid.If a sharpcrack
already exigt in the materialjt can propagate when the elastic energy retkase
more tharthatto form the crack surface during crack propagation [Griffith, 1921].

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

¢ will propagate and releastoredelastic energy. Thitotal elastic energy’Y is:
. . @
Y —_ (2-3)
@& :the half of initial crack length ,  : applied stress
The negative sign means that itédeasedanergy.

And, the crack @ates two new crack surfaces withal surface energyY during

propagation as:
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Y T (2-4)
where[ is surface energy per unit area, ahd positive sign means thiere is
absorpion of energy.

The total energy of difference is
Yy 'Y Y T Z— 1) (2-5)
If Y'Y T thenthecrackcanpropagate.

Under the plariestress conditios) equilibrium iswhenthe rate of energy release

with crack lengths zero

Tt (2-6)

¢ — T s (2-7)
Thefracture stress needed for crack propagatjonjs therefore

.2 (29)

fw
This equation is well fitted fom perfectly elastic material such as glass and MoO,
not however, for metal Plastic deformation is involvedh the creation oftrack
surfacedOrowan, 1955] especially, at the root of the cragkich is consequently
blunted. The crack therefore requirggreaterenergy needed tpropagate than

simply the creation of flat surface§hus, a modified Griffith equation was

introduced to capture plastic wopkr unit areal :
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Oq r (2-9)

It has been found thdt (= 10 ~10°Jm? >> (= 1~2 Jm?), thus equation

2i 9 becomes:

g - (2-10)

Thecritical crack length can be predictbd thecriterionthatif , “ @7 is larger
than'G , then growh occurs
The local stress field at the crack tip is characterizedhlly by a parameterv,
stress intensity factor, which reaches a critical valuewhen propagation takes
place:

o LU ® (2-11)

o L, Mo (2-12)

In the case of cradipening modep  will be:

0 00 Nb1 AQ GORIOIGAE OET 1 (2-13)
00 T e
0 T i AG ROAKIETT AEOE (214)

where 'O is the critical release rate of strain energy in the modeadling
(opening).

0 is regarded usually as the fracture toughnesbex$tee] a material parameter.
It can be obtained from tests on notched ispeiss.Many attemptshave beemade

to obtain the relationship between the fracture toughness and absorbed impact
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energyin Charpy testsBarson and Rolfe, and Sailors and Corten suggested the
equationswhich relatesb  and absorbetnpact energy of Charpy V Notd€VN)

test,at the ductilétoi brittle transitiontemperatur¢Anderson, 1955] :

0 e m s

o SF 6. N AOQI AT 1 £A (2-15)
0 e s s A e a

o p#6 NBAERT ADODOOAI (2-16)

0 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 tippekables the
faces to move apart at the cratig. CTOD is referred to the stress and defect size

by anequation of the form:
1 —= (2-17)

where,, is ayield stress in uniaxial tensile test.

In ferrite steel, the macroscopic crack causes local siressentrationand
deformation while the microscopic cracknay be nucleated at the carbides,
inclusions and secondary phases. Once the microcrack is fatrpedpagates into
the ferrite grains in the form of cleavage fracture whesufficiently large shear
stressis applied. Essentiallythe size anddistribution of carbidesare the most

important factorlf the carbide particles are spherical, then the fracture strength is:
"o (2-18)

where & isthecarbide diameter.

In contrast, in bainitic and martensitic steels, lath structures intiénveninglow
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angle boundaries are formed in packets wldrger misorientation packet
boundaries [Bhadeshia, 2001]. In these structures, the packet width is the most
important factor for cleavage crack propagation, thus the fracture strength is:
9 (2-19)

) p U Q
where'Q is packet width [Bhadeshia and Honeycombe, 2006].
The creation of cleavage crack does not methat fracturenecessarily occurgf
the crack cannot be grown just after nucleation, them#y become blunted by
deformation andassociatedlislocation motionjn which case othe crackmay not
propagate Even if a crack grows,its propagation can barrestedif the applied
stress is suddenlpecomeslower thanthat for fracture. Facture toughness is

governed noby the creation o crackbutby its propagation.

2.3.2. The energy release rate

The release rate often denoted byO and representhie amount of energyer unit
areaof the crackgrowth That is supplied by the elastic energy in the body and by
the loading system in creating the n&acture surface area. In terms of the stress
intensity factorvu, there isan Irwin relationship for plane stress and plane strain

conditions:

0 o m A s cngn 2 A o
0 5 NPl AOQ RORIOIOAE OET 1 (2-20)
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0 PV
"0 pTo i A0 GROARIET AEOET (221)
where0i s t he r@@i@i ssonbs
The total energy release rate in combined mode cracking can be obtained by adding
from the different modes, | is for opening or tensile mode, Il is for sliding mode and

Il is for tearing moddParton, 1992]:

‘0 0 ‘0 O

o U o (2-22)
where "0, 'O and "O are the energy release rates for nwodell and Il
respectively,0 , 0 and U are the stress intensity factors for mefdl and IlI
respectively.
Fracture instabilitthappensvhen the energy release rat@is larger tharthe force
neededto resistcrack propagation Any excessis converted into kinetic energy
which governs the speeaf the crack propagidon. The total amount of kinetic
energyfor a crack growths:

O 'O YQO (2-23)

O : kinetic energy 'Y :force of crack resistance

with three assumptions; the crack propagation takes place under constant stress, the
elastic energy release rat® does not depend on the speed of crack propagation
and the crack growth resistan¢é of material is constanf.he crack resistance is a
function of the plastic behawio and fracture characteristicg the material at the
crack tip.It is dependent uportrain rate. At the tip of a crack moving at high

velocity, the strain rates are very high andsiexpected that the material behaves in
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a more brittle manneat high crack speed The force of crack resisinceis
independent of crack length under mastrain condition But, for plane stress
condition the crack resistana@nvary 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"Ois equal toR. The crackgrowth rateas a function ofin
increase in crack sizis shown in Fig. 2.12, wheré is the crack size is the
critical crack size®is crack growth rate and is the velocity of sound.nla
ductile materialthe energy required for ack 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 microviiBasek, 1982]

n 0.4
>
’Q 0.38

0.3

Growth Rate

4 5 6 7

3
Crack Size £tlc,

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 fductile toi brittle transitiord is well known for its complicated natuper se
because it is the region whefracture mechanism8compet®. Pickering made a
linear regression model to predict thductile toi brittle transition temperatuce
(DBTT) as a function of chemical composition, strength and grain size as follows

[Pickering aand Gladman, 1963]:

Y OQoé anéi nandi O po@Q (2-24)
Y :DBTT/°C "C : function of chemical composition
‘Q :grainsize E m "C : function of strength

This model was simple but still useful becausethe variables considerede.
composition, strength and grain side.improve on this requires other features to
be consideredsuch as microstructural parameters like carbide morphology and
precipitation hardening, the effective grain size and texture, thermally activated
growth processes of tensile mode | and shear mode Il craickfVlintz et al, 1979;
Bhattacharjeeet al, 2004, Baczynskiet al, 1999; Kameda, 1986]Numerical
models have been suggested to introdteeture mechanisfGurson 1975 1977
Ritchie et al, 1973 Tvergaard and Needlemah984,2000J. Recently, the noin
linear models have been proposed using various modelling methcid as
statistical modellingfuzzy modeling and network mod#ing, trying to @apture the

full complexity of influencing factorguantitatively[Oldfield, 1975 Beremin, 1983;

Todinov, 1999 Chenet 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 sels. However, it is hard to anadybecause 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
guantitative relationshipsinear or noinlinear, betweerthe Charpy impact energy

and potential influencing factors [Chenal, 2004].

Grain size
As shown inFig. 2.13, he grain refinement enhances both the fracture and yield
strength [Low, 1954]The relationship between gradize and fracture strengitas

introduced by work of Cottrell [1958]:
o or 7 ]
n ” yn 'F‘Q Q (2 25)

where, is the fracture strength, is the yield strength, ¥, is the increase in
yield strength from workhardening beyond the yield poind, is a constant related
to stress state and average ratio of normal to shear stress on the slip pisutiee
shear modulus, is the surface energy is the Hali Petch slope, an 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 1 196 °C. Data from [Low, 1954].

The grain size Q is not always the metallographaly measured grain size
[Gourgueset al, 2000]. Because some clusters of crystals tend to formlitieh
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 distancecrosswhich crack propagates coherently throulgh {100} plane
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in BCC and is called effective grain size. In feiirfgearlite steel, it is well known
that the cleavage path is associated Withmetallographic grain size. However, in
bainitic or martensitic steglit can correspond tahe prior austenite grain size
although this is not universally agreékhe effective grain size for those steels can
be the packet sizalefined asthe distance between two nearest hagigle
boundaries [Naylor and Krahe, 1975; Naylor, 1979; Gourguas, 2000; Qiao and
Argon, 2003; Bhadeshia, 2004. cluster of neighbaring grains sharin@ similar
orientation, is called the fcrystallographic grain [Pickering, 1967]. The
determination of effective grain sizerequires an assumption oboundary
misorienation for example some values have bégken arbitrarily to bé.5° and

18° for the bainitic steels [Kirmet al, 2000] and 12° for the thermomechanical
controlled rolled steels [Bhattacharjee, 2004 petter procedure would be to relate
the misorientatio required taarrest or deflect cracks the cleavagdracturefacet

size.

The crystallographic grain size can vary with depth within a steel plate
[Bhattacharjeeet al, 2003; 2004] or at positions where the pipe is welded pfan
al., 2010; Giirgoret al., 2010] because the deformation duringihaolting is not
uniform as a function of depth [Zlet al, 2007]. Therefore, it is natural that there
should exist a corresponding difference in the texture and hence the crystallographic
grain size. Thus, alger 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 [Bhattacheirjak
2003].
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Alloying elements and processing variables

Carbon isan important factor in determiningtoughness for example,carbide
particles can be detrime to toughness as shown kiig. 2.14. Large carbiddn
particular provide crack initiation sitgsalthough fine carbide help improve
toughnessdf they help refine the structure, for examglaough microalloying
Nitrogen is generally considered to 8etrimentalto toughness but it has various
interactions with othermlloying elements Phosphorusand molybdenuntan be
detrimental Ementsbecausdahey raise the transition temperatusdile chromium

has little effec{Dieter, 1988].
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Figure 2.14. The effect of carbon contents on the toughness in plain carbon

steels. Data from [Rinebolt and Harris, 1951].
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Oxygencan beanembrittling element since reduces the surface energyaafrack

or more commonlythroughbrittle oxideinclusions Manganesean bebeneficial to
toughnessf it leads to a reduction ithe thickness of grain boundary carbides and
redistributes them tointragranular sites. However, ovea certain amount
manganese can increase the transition temperature ibgapromotesmartensi¢
[Stoloff, 1969] Nickel helps alter the Peierls stresdeading to solid solution
softening[Spitzig and Leslie, 1971Gerberichet al, 1981] Silicon isdetrimental
for toughness since it reduces the surface energy for cleavagéhdrat are
contradictory resultfrrancois and Pineau, 20(ieter, 1988].

Niobium and titanium can be beneficial to the toughness becaegecéim grain
refine while vanadium has little effedflpsseret al,, 1986 Tsunekaget al, 2001.
Titaniumbelowa certainamountis helpful to increase the fraction of acicular ferrite
[Beidokhti et al, 2008. Sulphur is generally considered to detrimentalto the
toughness but therare contradictory result with respect tograin refinement
[Tsunekagest al, 2007. With the addition otopperor boron thetoughnesgan be
decreasedue tothe increase of effective grain si&hinet al, 20093

A low finishi rolling temperatur¢FRT) canlead a high cleavage fracture stress due
to its fine ferrite grain size by heavy deformathuut there is arexceptionakase to

be consideredhat the elongated ferritei.e, banded structurecan provide a
continuous path for the cleavage fractifr¢he fracture surface is parallel to the
rolling plane Bun and Boyd, 2000]Tempering helps enhance the toughness with

decreasing the strengtMérabi and Mintz, 1997
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Texture

The toughness of the rolledieelsmust depend on texture sinttee distribution of
{100} planes is important in cleavage fractuf€ottrell, 1958 Morrison, 1976;
Tysonet al, 1973]. Ductile fracture occurs by the nucleation and coalescence of
microvoids [Broek, 1982] which is associateith slip processes{110}<111>is

the main slip system ofhe body centred cubicBCC). So the volumefraction of
grains with {110} planes parallel to the notch plasan have amnfluence {112}

and {123} planesare also associated withlip in BCC crysals, but their

interpretation is not clegDieter, 1988; Baczynski, 1999; &t al, 2007].

2.3.5. Delamination

Delaminationhas beembserved in higihstrength low alloy steels [Schofiett al,

1974; Baldi and Buzzichelli, 1978; Dabkowski 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; Shiet al, 2009b]. It is shown in Fig. 2511t arises

from weakness parallel to the rolling plaoé the steel, because hoblling is
terminated at temperatures within tle o2 phase field, texture, inclusion alignment

on the rolling plane, intergranular failure along prior austenite boundaries,
segregation of phosphorus and sulphur and any aspect that leadsdtropy
[Bourell, 1983; Tamurat al, 1988].

Delamination is regardethacroscopicallyas brittle fracturebehaviourwhich is
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concerned with a decrease of upper shelf energy in Chagts/[Brozzo and
Buzzichelli, 1976; Verdejaet al, 2003]. However, Songt al. proposed that
delamination cansomething reducghe DBTT [Songet al, 2005]. Sd called
delamination toughening has lohgen known to lead to improved toughness in a
wide variety of materials, for example iceramics Clegg et al, 199Q, carbon
[Sakaiet al, 1986, and fing grained steelsimura et al, 2008, 2010; Inouet al,
201Q Mintz et al, 2007. In particular, delaminations th&drm parallel to the plate
surfece can lead to a reduction in the impact transition temperfiilaima et al,
2017 although excessive fissuring can compromise theeumhelf energy of

Charpy test§Mintz et al, 2008§.

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

fdelaminationowhich influences the impact energy measured.
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2.4. Toughness Anisotropy

The orientation dependence of toughness is ai kwewn pfenomenon for hit

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

of specimen orientation on the Charpy transittemperature curvesf a rolled

plate [Mintz et al, 1976; Dieter, 1988].As will be seen later, theres also
considerable work in the context of pipeline steels. There are three particular factors
which are emphasized in discussing toughness anisotropyunidarm distribution

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

elongated grain structurand crystallographic texture.
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Figure 2.16. Effect of specimen orientation of Charpy transitioni temperature

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 solidificationduced 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 orientinghtese phases along the principal plasti@in 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, 1¥5&er 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
toughnessén casesvhere the Charpy notch is ingholling direction, is found to be

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

et al, 1987; Burnot al, 1988; Wilkowskiet al, 1991; Moharet al, 19954a]. It is

the directionality of MnS inclusions that is founesponsible for the orientation
dependence of toughness on the forging reduction ratio [Hatadh 1987]. A

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

illustrated in Fig. 2.17 [Benzerga 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 oxidei MnS (white arrows)
both in ferrite in upper image and crushed MnS in pearlite in lower image. &6
and d.6stand for the short transverse and longitudinal directions respectively.

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

Fig. 2.8 illustratesthe 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 thiesiwhur alloy were
relatively more elongated/[ohanet al, 1995b]. These observations atsophasize

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 oé timclusions. 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

[Medinskayeet al, 1981].
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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 [Bakeal, 1986]. This is
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beause 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
poortoughness, 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 [Beikat, 1986]. The anisotropy

can ke 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 avéime to control the shape and size of oetallic
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% dheet al, 1959; Matrosov and
Polyakov, 1976] Presumably, as emphasised in [Mohainal, 1995b], it is the
shape of the particles that plays the major role in the orientation dependence of
properties. Crogsolling can mitigate the effects of manganese sulphide even when
the sulphur concentration is as large as 0.06 wt% [Hadgasl, 1959], but the
method is not practical for most pipelines where the steel plate has to be long in one
direction. The additiomf 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 coworkers did some interesting experiments in which the steel was heat
treated in avariety of ways to modify the manganese sulphide layers present in the
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hoti rolled state (Fig. 29) [Imai et al, 1982; 1985]. Although the anisotropy in
mechanical properties decreased when the layers were broken up into spherical
particles, it was notampletely eliminated when the sulphur concentration exceeded
about 0.02wt%. This is because at high concentrations, the spheroidised particles
remained aligned as strings (Fig. &)L Similar observations have been reported in
the context of bearing stisesubjected to rollinigcontact fatigue, where strings of
nori metallic particles aligned normal to the contact surface are much more harmful
than those parallel to that surface [Courlminal, 2003], and there is a strong
dependence of life on the lengihthese strings of inclusions [Ecketlal, 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 souréar void initiation [Imaiet al, 1982].
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Figure 2.19. Fei 0.36Ci 0.22Sii 0.73Mni 0.02P7 0.025S wt%. (a) Asi
received hoti rolled condition. (b) Following spheroidisation heati treatment
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.
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2.4.2. Microstructural anisotropy

A typical microstructure in a htolled lows alloy steel is illustrated in Fig. 20a

[Tau et al, 1993; Kordaet al, 2006]. There are plaanpatches of pearlite parallel

to the rolling planeMicrostructural banding is often more pronounced in sections
containing the rolling direction than in those containing the transverse direction
[Thomson and Howell, 1992; Chas al, 2000]. Such banding is known to be
responsible for the orientation demlence 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 sddify during the cooling of steel from the molten state. Theilow
alloy steels which exhibit banding typically begin solidificationigerrite so that
elements such as manganese, silicon, phosphorus and sulphur are partitioned into
the interdendritic regins which then solidify with a higher than average
concentration of these solutes. Subsequent deformation, for examplé ilimgf,

causes these regions to spread out as bands. The segregation of concern is of
substitutional solute such as manganese (Fig2@j). 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 ifrig. 220b, 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_rolled ferrite_pearlite steel, Fe_0.15C_
0.16Si_1.07Mn wt%. & d6and dbstand 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 ferritd pearlite banding evident in Fig.20a occurs when the regions which

are depleted iraustenitéstabilising elements decompose into ferrite, before the
transformation can occur in othareas Jatczaket al, 1954. As a result, carbon is
partitioned into the adjacent substitutidredlute rich austeniteyhich ultimately
becomes the pearlite. The microstructural banding therefore correlatesheith
segegation pattern and the correlation becomes more pronounced when the

microstructuras generated by slow cooling. This is because larger cooling rates are
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associated with greatemndercoolings, which permit ferrite to form even in
manganedenriched regins.

A reduction in the carbon concentration also helps make the steel more isotropic
because it is the partitioning of carbon into the mangénebkeregions that leads to
the formation of pearlite bandsiatrosov and Polyakov, 19}.6

The development of moiostructural banding is illustrated in Fig21. As pointed

out previouslythe highly mobile carbon homogenises during cooling through the
austenite phase field. Howevénere are gentle variations which occur in concert
with the manganese, as the @arbmaintains ainiform chemical potential in the
austenite. Manganese lowers the activity of carbon and hbaamangane$ech
regions are associated with a somewhat higher carbon concentkatiaidy et al,
1963. Thedependence of the spatial disttion of carbon on that of substitutional
solute in austenite wawiginally thought to be the cause of bandidgt§zaket al,
1954. Bastien, however, considered the bandiogbe due to the substitutional
solutes and Kirkaldyet al. later showed thathis is indeed thalominant effect

[Bastien, 1957; Kirkaldt al, 1963.
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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
concentrationsHKirkaldy et al, 1963. Manganese sulphides then precipitate in the
regions containing a large average comegion of manganese. As a consequence,
the manganese is bound in the sulphide which is surroundednbgnganede
depleted zone where ferrite forms. The ferrite partitions carbon into the adjacent
zoneswhich have a low average concentration of mangangseh transform into
pearlite. The positiorof the ferrite bands is thus shifted into locations where the
average Mn concentration is large, butiere the Mn is tied up as sulphides (Fig.

2.2).
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Figure 2.22. The mechanism of banding in steels containing substantial
guantities of manganese sulphides [Bhadeshia, 2010, 2011]. Courtesy of H.

K. D. H. Bhadeshia.

Other kinds of microstructural anisotropy also hévéen shown to correlate with
toughness in pipeline steels. Fig. 2shows the case for the X80 grade pipeline
steel where the minimum in Charpy toughness in the dubtitle transition
temperature range corresponds to the smallest fraction of loweiteban the
fracture planeAlso the study suggested that the namiform grain shape is related

to the anisotropy of the Charpy toughngBetrov et al, 2007, 2007k One
difficulty with this interpretation is that the fraction should be independetteof
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 Garci&t 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 seffBanciaet al, 2007] Kichkinaet al.

also discussed in ferritdainite 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 inxX&BI steel, since the
densty of grain boundaries and interphase boundaries in that direction are minimum
which is corresponding to the minimal obstacles of crack propagation [Kichkina
al., 2011]. Sun and Boyd investigated the effect of processing parameter on
anisotropy of cleaage fracture stress in microalloyed linepipe steel. The anisotropy
of fracture stress increases with decreasing FRT abové rewystallsation
temperature of austenite and the factor for anisotropy was determined from
microstructural anisotropy such amfjated grain and banding [Sun and Boyd,
2000].Some early study also suggests thmaelngated grain structure, for example
that generated by waimolling with a low finishirolling temperature, has been
shown to cause variations in the impact proped@Eording to direction relative to

the elongated structufgMintz et al, 1978. Okudaet al. also reported that the
DBTT in longitudinal direction is lower than transverse direction due to elongated
grain in the extrudedxide dispersiontezngthenedODS) ferritic steels [Okudaet

al., 2009].
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Figure 2.23. The Charpy toughness at 1 60 °C, percentage of lower bainite
(Up) 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.,

2007D]

2.4.3. Crystallographic texture

Texture implies a ndmmandom distribution of crystal orientations and clearly must
influence the isotropy of a polycrystalline material. Kotreckkal.investigated the
effect of texture on the anisotropy of the cleavage stress of metals by theoretical
calculation. It shows thahe nori uniform distribution of crystallographic planes is

the main reason for the cleavagiess 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, anggested that thmle of texture
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on the directionality of impact propertiés small and largely on ductile fracture
[Mintz et al, 1976]. Inagaki and cobworkers focused on controlled rolled high
strength steel with several textured specimens of different chemical compositions. It
showed that {100} cleavage plane is relateglalitatively to the anisotropy of
toughnessln particular it pointed out that anisapy 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 430 the rolling direction, and carlated this to thaexture
which favoured cleavagignagakiet al, 1975]. Bourell and Sherby also discussed
the effect of strong §01}<110> texture component corresponding to lower Charpy
energy of diagonal specimens than that of longitudinal specimevariats test
temperatures in warimolled low carbon steel [Bourell and Sherby, 1983].

The plates used in the manufacture of pipeline steels are thaeonbanically
processed and hence are textured. Baczyetsél. showed that components of the
macroscopi texture can be correlated with the observed anisotropy of impact
toughness in niobiunmicroalloyed steels. It is well known that in the ductile
fracture region corresponding to relatively high test temperatures, the distribution of
{110}y and {112}; slip planes has a greater influence on toughness than that of the
{100} 5 cleavage planes. The toughness anisotropy associated with ductile fracture
correlates with the {112}g10>; component, and for cleavage fracture with the
{001}<110>y and {110}<001% components if they exist [Baczynski al, 1999].

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

related to thedistribution of {110}y planes as a function ofangle relative to the
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circumferential direction in ARX65 linepipe steel [Jat 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 {10Q} cleavage planes [Verdejat al, 2003]. Such a split is
suggested to lead to a decrease in toughness in the upper shelf regimeaand in
reductionin the ductilé brittle impact transition temperature. Thisesnot seem
correct a decrease in DBTT is an increase in toughness, and theneei 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. Howevethef
separationoccursin the 100% ductile range then the impact energy decreases
[Verdejaet al, 2003], but if it takes place at low temperatitteen the enhancement

of toughness is observed as mentioned in the previous sectiondGaln@005].
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 sevidlintz et al, 1978].
Fegredo et al. found no significant relationship between toughness and the
macroscopic texture in Idwarbon steels containing 0.0@RO07 wt% sulphur,
produced using different rolling temperatures [Fegredal, 1985]. Microstructural
anisotropy and elongatedighides 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 hatextruded bar of oxide dispersion strengthened (ODS) ferritic
steels with {110} textured along the extims 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 [Kasada2011].
Garciaet al.reported that both microscomnd macroscopic textures had negligible
influence on the anisotropy of properties in X80 steel, the main cause being
associated with an uneven distribution of carbitd microstructural constituents
[Garciaet al, 2007].Pyshmintse\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 [Pyshmintsewal, 2012]
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lll. Experimental

3.1. Sample Preparation

The steels used in the present study viex® APIi X80 steels and fouAPIi X70
steels Their chemical compositions amilocessing parametease shown in Tables

3.1 and 3.2 respectively. All the conditiymeet the API 5L specificatiofor
linepipe steelsAPl Recommended Practice, 1996

The slabs were subjected to austenitisation betw&6Aand 1180°C to dissolve

all the alloying elements and to the minimize grain size of recrystallised austenite.
These were followed bgevere rolling to obtain fine grain size for all the steels
[Tamuraet al, 1988; Sufet al, 2008]. X80_A, X80_B and X70_A have different
compositions but similar processing variables; rolling was finished and cooling was
started above 4 in order to nvestigate 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
A for X70_B, rolling was finished above,2but cooling was started betweep A

and A for X70_C, and rolling was finished and cooling was started betwgen A
and A; for X70_D, in order to investigate the effect of processing variables on the
orientation dependence of toughness.

The orientation®f the specimens were determined as L, D and T hatiadong

axes of the test specimens inclined0at 45° and 90 respectivelyto 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 <0.01: <0.8 0.03 < 0.003¢
X80 B <0.06 <2.0 0.31 <05 0.02 0.30
X70_ A <0.08 <17 0.25 <04 0.03 0.15
X70 B <0.07 <17 0.25 <07 0.05 0.20
X70 C <0.07 <17 0.25 <07 0.05 0.20
X70 D <0.07 <17 0.25 <07 0.05 0.20
Table 3.2. Processing parameters of the target steels.
Cooling Final
Reheating
Steels Thickness
Temp. °C)  SCT (°C) FRT (°C) CT (°C)
(mm)
X80 A 1100~ 1180 Above As Above Ar; < 550 18
X80 B 1100~ 1180 Above A; AboveAr; <550 18
X70_ A 1100~ 1180 Above Az Above Ar; <550 18
X70 B 1100~ 1180 Above A; Above Ar < 550 21.6
Between
X70_C 1100~ 1180 Above Ar < 550 21.6
A andArg
Between
X70_ D 1100~ 1180 Above A; < 550 21.6
A andArg

E3

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 ensile specimens were machined according tdatigest specimeASTM ES8
standard The geometry with dimmesions and the orientation are illustrated in Fig.
3.1. The experiment&ere conductesn a Zwick/Roell Z100tensile machineat
room temperature, using a crosshead speed of 3.6 miml (strain rate
approximaion 0.001 §) with fulli sizedsheet typdestcouponseachwith a gauge

length of2 inch.

3.2.2. Charpy

The Charpy specimens were machined according to the ASTM A370 standard.
Charpy M notched specimens 20103 55mmin size each with a 2 mirdeep M

notch, were used in tests conduchetween ambient temperature-i®0 °C. The
experiments were performed aZwick/Roell BRA307204 Charpy impact machine

of maximumrecordablémpact energy of 750 J. The test temperature was controlled
using a Ktype thermocouple attached to the specimiig. 3.2a shows the
conventionally specified orientations of the Charpy specimen relative to the steel
processing directions, withill, Ti L and D' D designatios,in which the first letter
represents the sample direction and the second the impact dirdd¢teonotches in

this case areall 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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LiS, TiS and DS. Here, S stands for short transverse direction paralleé tplalte

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 wrve as the temperature corresponding to the half value of the upper shelf

energy.
Width
5 ,,—» 0.50
00 mm +0.01 in.
(12.7 mm
55 m — Reduced section | |e55 fam +0.2 mm)
2.25in. min.
R T - - = _20 mm
7 3
«—— Gauge Length — _,| |‘_
2.0in. £0.005 in. Fillet radius Thickness
(50.8 mm + 0.1 mm) 0.25 in. min. 0.08 in.
(a) Dimensions and geometry
API steel sheet
ND
RD ) _
™ (b) Orientations

Figure 3.1. Tensile specimens. (a) Dimensions and geometry, (b)
orientations. L, D and T stand for longitudinal, diagonal and transverse

respectively.
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(b) Additional

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 werarried outin two ways macroscopic testusinga Wilson
Wolpert 430/450SVD tester witha load of 10 kgf, dwell time of 10 s and
magnification of 100. The othewasmicroi hardness using Futurd Tech FM 700
tester witha load of 50 gf, dwell time of 10 s and magnification x&00 to

characterisspecific microstructural constituents.
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3.3. Microstructural Observations

3.3.1. Metallography

Most of the observations of microstructure and crystallographic eextere carried
out on 4 surfaces, which are the RID surface and the surfaces parallel to the
fracture surfaces of ilT, DiD and T L in conventional Charpy specimens. The
surfaces metallographically prepared, but the detailg 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 fieldemission scanninglectron microscopy (FESEM). The samples
were prepared using standard methods. The surfaces were ground usiggt 200
silicon carbide paper and mechanically polished with diamond paste &in0.The
samples were etched using either 2% nital solution I(2itric acid with 98 ml
methanol) to observe ferrite graboundaries or colour tint etching (4% picral
mixed with few drops otoncentratedhydrochloric acid and 10% aqueous sodium
metabisulfite solution) for multiphase steels to deterntirefractions of phases

with image processing [Det al, 2003].

62



3.3.3. Transmission electron microscopy

For transmission electron microscopy (TEM), thin foil samples were prepared from
80~90em and 3 mndiameterdiscs, whichwere electropolishedin 5% perchloric
acid with 95% acetic acid at5L°C. The experiments were carried out on a JEOL

JEM 2100F fieldemission transmission electron microscopy (FETEM).

3.3.4. Energy dispersive Xiray spectroscopy and electron backi

scattered diffraction

For orientation imaging witlcrystallographic information using electron back
scattered diffraction (EBSD), and for inclusion detection using energy dispersive
Xiray spectroscopy (EDS), samples were mechanically polished with colloidal

silica in the final polishing stag®rientationimages were taken at an operating

voltage of 20 kV, avorking distance of 20nm and a tilt angle of P0 Data were

collected usinga stepsizef 0. 2 em at a2000aJgimiEBSDe at i on
microtexture data can be obtained in finer scale comparedXiithy diffraction

(XRD) which vyields overall texture. Thdatawere analysed using TSL OIM 5

software.

3.3.5. Xiray diffraction

The specimens were machined to3120 mm with thickness of 2 mm, and finish

polished using 6em diamond paste for Xay diffraction. The orientation
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distribution function (ODF) of the specimen was measuwsihg a Bruker D8
Advance Xray diffraction equipmentwith Co Ky radiation. The orientation
distribution of the (110), (200), (211) and (311) poles were used for ODF

calculatiors.
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3.4. Metallurgical Experiments

3.4.1. Heat treatment

A simple heatreatmentwas conducted to investigate the effects of microstructure
and texture on toughness anisotropy in X8@teel. The specimen was heated from
room temperature in a furnacelatC s* and kept for 10 min at 89, followed by
water quenching to roorremperaturelt should be noted that the,£Aemperature

was calculated as 84 using the metallurgical and thermochemical databank
(MTDATA) and the TCFE4 database [NPL, 2006]. The amnmgaémperature was
chosen as 89fC to minimize the prior austenite grain size and to suppress austenite
grain growth as much as possible in orderrétain the texture memory effect
[Demuraet al, 2007; Lischewsket al, 2008]. Before the heat treatnieseveral
dilatometric experiments in different temperatures were carried out to take account
the possibility of change in microstructufeor dilatometric experimentsample

were machinedydinders 3 mm diameter and 10 mm lengtand the experiments

were performed on a BAHR DIL805 dilatometer.

3.4.2. Computer simulation

A computerprogramwas created tgimulatethe number of grains having specific
orientations when hie set of generated grains satisfied the distribution of
misorientation angles for a randontgxtured polycrystallinesample[Mackenzie,

195§. A hypothetical fractiorof randomly oriented 0,000grainswas calculatedh
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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 tbe materials algorithms projectMiAP)

standardMAP].
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IV. Anisotropy of Linepipe Steels

4.1. Microstructures

Fig. 4.1 shows the optical micrograpbs X80 A steel etched witha 2% nital
solution. The micrographsndicatea mixed microstructure of fine products along
with what appears to beparse grained ferrite, which looks like banding. The black
dots could be pearlite or small quantities of martensite & retained austenite [Ikawa
et al, 1980] or cebides, but cannot early be dentified in this stage.

Figs 4.2 and 4.3showoptical micrographs with the calotint etching Here, straiv
coloured martensitéaustenite constituentsM(A) was revealed in everywhere
(white arrove in Fig. 4.3. Fine grained area was more selestched than coarse
grained area. Since picral attacks carbides, it might be from the uneven distribution
of carbides between them.

The presence of thalotriomorphicferrite 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 grainaveh little spread in
crystallographic orientation. Fig.4 shows regions in which this spread is less than
1.5° which is regarded as threshold value of grain orientation spread in
recrystallised graingMitsche et al, 2006], with boundaries identified en 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 jiléte, heavily dislocated structure

in the coarse grained regioprobably bainite given thaX80 A steel iscooled
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 strawi coloured 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 cemenptecipitation, as shown by the arrow in Fig
4.5h. Cementiteassociated with pearlitand the M/A phase can be seen in the
regions thought to be bainités shown in Fig. 4,6ut their fractions are very small.

As mentioned previously, ifs 4.1 and 4.2show signs of banding due to the
existence of chemical segadgn 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 becatise transformation to allotriomorphic ferrite

occurs first in Miidepleted regins so that the residual austenite becomes enriched
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in carbon The latter thertransforns into pearlite or harder phases such as bainite
depending on the rate ofa@ong experienced by the steel

In summary, the microstructure of X88 steel consists of baitic ferrite,
allotriomorphic ferrite, pearlite and martensaestenite constituent particulag

the bainitic ferrite can be categorised into two types; fine graiitdcarbidesand
carbidé free coarse grained regionBhe hardneswaluesin the fine andcoarse

microstructure are found to bapproximately 266 2 and 230t 3 HV, respectively,

and hemacroscopitardness value wa20+ 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. 47 shows the optical micrographs of X&® steel. The micretructurelooks
different with fewerprecipitates than X8® steel as shown in Fig. 4.1 since it has
less carbon than X8@ steel. However, in colour tint etching as shown in Fig. 4.8,
the microstructures appear similar with carbidee coarse grained regions and
carbidé containing finer reipns with M/A. Further detail is illustrated in Figs 4.9
and 4.10The hardnesgaluesin the fine anccoarsemicrostructure are found to be
250+ 4 and 21+ 4 HV, respectivelyand themacroscopidhardness value wazll

+ 2 HW.
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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.

Figs4.11 and 4.12epresenX70_A steelwith coarseand 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 inA>&86el, but
fraction is still small.The hardnessaluesin the fine andtoarsemicrostructure are

256 + 4 and227+ 5 HV, respectivelywith amacroscopitardness 0220+ 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 X70A steels have similar microstructures, containing
allotriomorphic ferrite, coarse and fine grained bainite and M/A. 88ihd X70 A
steels also contain a small amount of pearlite. Voldiraetions measured using
image processingrelisted in Table 41, butit is not possible to distinguish between
allotriomorphic and bainitic ferriteusing this technique sdhe fraction of
allotriomorphic ferritewas evaluated usingBSD experiments, anohiniteregions
result from the difference with the opticerity. Table 4.2 shows that the steels

have similar hardness wittk70_ A being somewhat softer due to its large
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allotriomorphic ferritecontent

The metallographic and crystallographic grain sizes calculasea@ function of
misorientation in Table 4,3and he diference isillustrated in Fig. 4.5, with
showing banding clearly between fine anwdrsegrained ferrite.

The development of microstructure in linepipe stesds be explained as follows
The liquid steelsolidify when anuneven distribution of manganeseading to Mn
banding diring rolling in the austenitic statéllotriomorphic ferrite starts to form
at A3, with the partitioningof carboninto the residual austenit®n further cooling,
the manganedalepletedresidual austenitéransforms ito coarsegrained bainite
with the enriched remainder then forming the fine bainite richer in carldase
austenitedecomposes finally into martensite and some is retained, to formithe so
calledM/A phase. Fig4.16 illustratesthe development of microstructuie linepipe

steels.
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Table 4.1. Volume fractions of phases.

Volume fractions of phases

Steels Allotriomorphic  Fine grained Coarse grained
Others
ferrite bainite bainite

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.

Hardness (HV)

Steels
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 (em) Crystallographic grain size (em)

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

*’Metallpgraphi(and crystallographic grain sizéth grain boundary misorientation
O anA 18 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 functiosaoipleorientation(Fig. 3.1b) are
summarised in Table 4.4. All of the data meet the API 5L specification for linepipe
steels [API Recommended Practice, 19916 orientations show the highest
strength whereas better elongations are observed tdedgborientations 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" (%)

T 634 +29 707+ 16 147+1.1 7.1+14
X80_A D 600+ 35 663+ 10 158+19 7.7+£1.9
L 602 + 35 676+ 4 130+x20 7.1+x1.7
T 633+ 8 722+ 4 15.8+0.7 8.6+0.3
X80_B D 582+ 13 667+ 6 19.7+0.7 10.2+0.3
L 572+ 9 691+ 3 171+ 0.9 10.1+0.3
T 581+ 2 657+ 5 171+15 95+x04
X70_A D 528+ 2 608+ 3 21.6+0.5 10.4+0.3
L 528+ 17 631+5 154+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 inthe ductile regime, or when the sample fails in a completely brittle
manner during test afl00 °C. In contrast, the orientation dependence of Charpy
energy is marked in the ductilerittle transition temperature range, with théD
orientation faringvorst This might be expected given that Fig. Zakhows that the
impact transition temperature itself is orientatidependent. Note that it is unlikely
that the small differences in strength noted in the data of Table 4.4 can be
responsible for the obseed anisotropy of Charpy properties [Kapp and Underwood,
1992]. X80 B and X70A steels show similar tendencies with the minima in

toughness recorded at different test temperaasehown in Figs 48and 4.3.
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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.
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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.
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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 fractubehaviouy it is necessary to investigate
inclusiors. Figure 4.20 shows the result of EBin X80 A steel. Clustes of
complex oxide with calciunsulphideswere found. If the inclusion has enough
plasticity to be elongated in the rolling procesenthihe interface betweethe
inclusion and matrix can benaeasycrack propagation patheading to toughness
anisotropy Mohan, 1995p However,the inclusios arenot elongatedcompatible
result with isotropigoropertiesin the upper shelf regimef the Charpy curvegFig.
4.17a).

X80_B and X70 A steek also have inclusions of spherical shape difua different
type as shown in Fg.21 and 4.2. In X80 B and X70Q A stees, aluminium oxide
with calcium sulphide was found. But this kind of inclusiotacks 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 specimen¥80_A steelare shown in Fig4.23

and 4.24, showing brittle fractutgecoming dominant as thest temperatureis
reduced. The cleavage facet size was measured as approximately upnoa20
-100 °C (Fig. 4.23c), which exceeds the average crystallographic grain size (Table
3). In Fig. 4.23 patrtial splitting of the Charpy specimen parallel to the rolling plane
is observed in specimens witfi'Land T L orientations for-20 °C to -60 °C but

with Di D orientation only for-20 °C (white arrows). This splitting is commonly
referred to asidelamination, attributed to weakness parallel to the rolling plane as
a consequece of inclusion alignmerdr microstructural anisotropy.

Delamination in the ductile regime is reported to reduce the upper shelf energy
because it isalated with separation on {10@leavage planesSghofield, 197
However, 1 can contribute to theoughness in the transition region when the split
occurs on a plane not containing the ngbnget al, 2005] From the variation in
Charpy energy and the corresponding fracture surfaces shown ih. Hgmd4.24,

it is evident that the ILT and T L orientations with higher impact energy in the
ductile brittle transition region always have the delaminations as a part of the
fracture process. For the' D orientation, the impact energy is comparable to those
of other orientations a20 °C where the delamation is a feature of all fracture
surfaces, but the energy decreases sharply at lower temperatures in the absence of
splitting. This indicateglearly a relationship between the observed Chiaepgrgy

anisotropy and the occurrence of delamination atdre surfaceFurthermorethe
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D orientation when compared with other directidres a slightly lower strength
with slightly higher elongatiorin tensile testslt is nevertheless more brittle,
correlating with the absence of delamination in Chaspgcimens tested in the

brittle regime

Figure 4.23. Fracture surfaces of Li T 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 Ti L, Di D and Li T 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 ametibn of sample thickness,

i.e., as a function of whether the sample is subjected to plane stress or plane strain
conditions, is illustrated schematically Kig. 4.25 [Meguid, 1989; Knott, 1973]
Delaminationduring Charpy testg will alter the stresstate favourably, leading to

an improved value of energy absorlieth effect, producing additional shear lips
which are characteristic features at the surfaces dgfdedaminating samplgsong

et al, 2005] It has been pointed out previously in a stefiyhickness 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
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a higher impact energy in a Charpy teBhis is irrespetive of the fact that the

fracture that leads to delamination is brittleigé 4.26 and4.27), as long as it

precedes the gross fracture of the sample.

Figure 4.26. Micrographs of the fracture surfaces of the Li T 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 Li T 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 ofdelaminationmight be attributed to crystallographiexture
cleavage delaminations are known to occur in Wwaotfed steel and have been
discussed in terms of textur8durell and Sherby1983. Other causes include
intergranular failure along prior austenite boundaries, segregation of P and S,
anisotropy of microstructures, banding and aligned particles and inclu$iamsifa

et al, 1988 McEvily et al, 1962 Shinet al, 2009§. Some ofthese factors can
clearly contribute in the present context, Big. 4.28indicatesthat microstructural

96



banding is an important culpiit X80i A steel A close examinationf the (arrowed)
regions on either side of the separation in Fig. 8b shows tleatélamination
occurs between the relatively clean and cograied regionand on the opposite
side,a refined region richen the harder phases. This might be expected given the
mechanicalncompatibilities that must inevitable exist between the band

However, there also seems to be a significant difference in the crystallography of
the regions on either side of the delaminatigig. 4.29 shows orientation imaging
aroundthe delamination in thepecimen with LT orientationtestedat -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. Ak, grain
orientation spread in upper and lower regions separated by delaminationahows
remarkable differece, meaning thathe delamination occurs along the boundary

betweerbands of fine and coarser structures

100em

Figure 4.28. Delamination of the Li T orientation specimen processed at

-40 °C in X80_A steel.
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