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1 [' Résumé en francais :

Les aciers a haute résistance sont de plus en plus utilisés pour réduire les colits d’exploitation
des gazoducs et satisfaire la demande grandissante en énergie fossile (gaz naturel et pétrole).
L anisotropie de comportement finale des pipelines, liée au de procédé de fabrication des tubes
(laminage d’une tdle suivi d’un formage UOE, par exemple), affecte le comportement en service.
Plusieurs études montrent notamment que la charge limite de flexion, caractéristique importante
du fait des mouvements de terrain auxquels sont soumis les pipelines dans les zones arctiques, est
grandement affectée par I’anisotropie. Cette charge limite est évaluée par des régles de « Strain Based
Design » tirant partie de la plasticité du matériau (conception basée sur la déformation) contrairement
au cas classique basé sur des régles de « Stress Based Design » (conception basée sur la contrainte).

L’ objectif premier de la thése est de mieux comprendre 1’anisotropie plastique et la ténacité
des aciers a haute résistance pour pipelines. Une seconde étape consistera a développer un modele
phénoménologique capable de modéliser le comportement et I’endommagement de la nuance X100.

Cette these contient sept chapitres. Apres cette introduction (chapitre 1), le chapitre 2 présente
le matériau de I’étude (X100) et traite des procédures expérimentales. Les principaux résultats
de la theése sont abordés au travers des quatre autres chapitres, écrits sous forme de d’articles de
journaux. Le chapitre 3 présente un modele phénoménologique d’anisotropie plastique combinant
les écrouissages isotrope et cinématique qui permet de rendre compte du comportement ductile
de cet acier a haute résistance. Une application du modele est alors réalisée pour déterminer
le moment de flexion d’une structure tubulaire en présence d’un défaut. Le travail expérimental



I.1. BACKGROUND

effectué sur ’effet de la pré-déformation sur la ductilité et ténacité dans une plaque d’acier X100
est présenté dans le chapitre 4. Le chapitre 5 traite du modele d’endommagement anisotrope
établi pour représenter 1’anisotropie du matériau. Deux méthodologies sont abordées et discutées
pour identifier les parametres du modele : calculs de cellules en utilisant le modele de plasticité
anisotrope et identification sur la base des essais sur éprouvettes entaillées. La validation du
modele est alors réalisée par la simulation des éprouvettes fissurées CT et SENB. Le chapitre
6 reprend les simulations du chapitre 4 démontrant I'effet de pré-déformation avec cette fois
I’application du modele « complet » (plasticité anisotrope avec écrouissage isotrope et cinématique
et endommagement anisotrope). Le chapitre 7 présente enfin les conclusions de la these.

I.1 Background

I.1.1 Demand for high strength steel linepipe

While consumption of energy is increasing worldwide as illustrated in Figure 1.1 [IEA 2009], the
demand for global environmental preservation becomes strong. Natural gas is the cleanest of all the
fossil fuels because the combustion of natural gas releases lower level of carbon dioxides, compared
with other fuels such as coal and oil. Thus demand for natural gas is rising in every regions of the
world.

1971 1973 1%7% 1581 19e7 1991 19: e X I

Bl Coal/peat B il B Gos L1 Muclear
B Hydro B Combustible renewables & waste Bl Other*

Figure 1.1 : Change in world total primary energy supply

Pipelines have been a key component in the long-distance transportation of natural gas. Reduction
in cost of the pipelines is one way to improve the economics of the gas transportation from the
production area to consumers. Use of higher strength steel linepipes can make many benefits in pipe
line projects, such as lower amount of steel required, lower transportation and lower laying costs.
Figure 1.2 shows change in pipe weight and pipe cost of X80, X100 and X120 grade steel linepipes for
a given pipeline project [Asahi et al. 2009]. With respect to X80 grades, X120 linepipes have potential
for pipe cost saving of about 15%. Furthermore, logistic and laying cost may be redued by more than
10% [Corbet et al. 2003]. X90, X100 and X120 high grade steel linepipes were standardized as
ISO3183 and API 5L in 2007. X100 steel has already been manufactured in Japanese and European
steel pipe mills for some comercial natural gas pipeline projects in Canada. X120 steel was also made
in Japanese pipe works for small-scale laying tests and operational trails.

I.1.2 UOE Pipe process

Although there are various types of steel pipe process, UOE pipes are commonly used for natural gas
pipeline structures. Figure 1.3 illustrates the UOE pipe manufacturing process. The process consists of

2
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Figure 1.2 : Comparison of pipe weight and cost among X80, X100 and X120 steels

two press forming steps such as U-ing and O-ing, welding stages including tack welding, inside seam
and outside seam welding and a mechanical expansion. All the pressing and expansion processes are
conducted in cold. Consequently, UOE pipes have anisotropic yield strength and plastic hardening
as shown in Figure 1.4 [Tsuru et al. 2005]. Moreover, UOE pipes have strength distribution along
the circumferential direction. Figure 1.5 demonstrates the fluctuation of a X80 grade UOE line pipe
[Tsuru et al. 2008].

- Seam . :
U-press E:> O-press E> Weld E> Expansion

Figure 1.3 : Schematic illustration of UOE pipe manufacturing process.

I.1.3 Strain-based design application

Development natural of gas fields are often far from major consumers because the potential locations
are harsh environments. The main product fields are located in the Arctic area that includes Russia,

3
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Figure 1.4 : Nominal stress-strain curves of a X80 grade UOE linepipe.
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Figure L5 : Strength distribution along the circumferential direction of a X80 grade UOE linepine.
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Alaska in the U.S. and Canada. Figure 1.6 shows a map of the North Pole dividing permafrost area
into some regions such as isolated, sporadic, discontinuous and continuous one. Pipeline routes from
Alaska or Far East of Russia inevitably pass through the discontinuous area to the consumers. Line
pipes laid under the ground in the discontinuous permafrost are subjected to external load by as frost
heave or thaw settlement, as shown in Figure 1.7 [Lillig 2008]. Frost heave occurs due to ice forming
under soil during freezing condition in winter. The event results in lifting the buried pipes. On the
other hand, thaw settlement happens by unfreezing ice beneath soil in summer. The occurrence makes
the linepipes go down.
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Figure 1.6 : Distribution of discontinuous permafrost area in the Arctic region

The load events are usually displacement-controlled [Glover and Rothwell 2008]. Thus strain-
based design (SBD) is essential to the harsh environment, while stress-based design of a pipeline
is normally preferred. To achieve a safe and reliable pipeline operation in the harsh area, accurate
prediction of the plastic strain imposed by the ground movement are required. Plastic bending
deformation is applied to linepipes installed in such a field. In the SBD, the designers need to consider
the imposed strain on both tensile and compressive sides of the bended pipe [Tsuru et al. 2008, Igi
et al. 2008]. Normally, full size pipe bending tests are carried out to evaluate the strain limit for
buckling on compressive point [Zimmerman et al. 1995], while curved wide plate tests are performed
to predict the strain limit for ductile failure on the tension side [Fairchild et al. 2008]. Numerical
simulations by finite element analysis are also conducted for specifying the effective mechanical
properties of the tested pipes and checking the predicted values against the experimental results.

The detailed mechanical properties of a line pipe have been clarified in the previous works [Tsuru
et al. 2008, Shinohara et al. 2008]. The line pipe has anisotropic hardening; a stress-strain curve is
quite different between the longitudinal direction and the circumferential direction. The characteristic
is mainly due to plastic strain developed in the pipe forming process. Furthermore, sharp texture of the
mother plate, which is introduced during thermo mechanical control process (TMCP) at the plate mill,
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Frost heave

Thaw settlement

Unfrozen
Or Thaw stable

Figure 1.7 : Schematic illustration of line pipe deformation due to thaw settlement or frost heave

encourages the anisotropy, especially in high strength line pipes (above X80 grade). Recently, It was
pointed out that a buckling strain limit of the bended pipe is significantly affected by the anisotropic
properties [Tsuru et al. 2008]. It was also reported that anisotropic hardening has an influence on
ductile crack driving force of a pipe pressured by the inner gas [Wang and Liu 2007]. However, no
useful constitutive model is developed for accurate prediction of the strain limits in the SBD and thus
there have been few attempts to clarify the influence of the anisotropy on the buckling resistance and
the ductility. Development of a model to represent anisotropic hardening in a line pipe, therefore, is
necessary in the SBD.

I.2 Thesis Aims

The aims of this thesis is to better understand anisotropic ductility and toughness in high strength line
pipe steel and then to develop a constitutive model representing anisotropic ductility and toughness
as well as plastic anisotropy.

In detail the following aims are to be achieved.

e Development of a combined phenomenological model for anisotropic hardening behavior in
high strength linepipe steel and its application to pipe bending simulation

o Investigation of prestrain effect on ductility and toughness in X100 high strength steel.
e Experimental and numerical evaluation of anisotropic fracture toughness of the X100 material.

e Development of a damage model incorporated with anisotropic yield function and kinematic
hardening model and its application to fracture toughness test simulations for the X100 steel.
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I.3 Thesis structure

This thesis contains seven chapters. Following this introduction (Chapter 1), Chapter 2 contains all
the experimental methods conducted in this thesis and the used material information. The results of
the research work carried out in this thesis are the given in four further chapters, drawing closely
on four journal papers. Chapter 3 contains a paper presenting a combined phenomenological model
which can represent anisotropic hardening behavior in high strength line pipe steel. Experimental
work performed on effect of prestrain on ductility and toughness in a steel plate for the API X100
grade line pipe is given in Chapter 4. Chapter 5 contains a paper on damage model representing
anisotropic ductility and toughness in high strength steel. The advanced damage model including
kinematic hardening is shown in Chapter 6. Chapter 7 presents the conclusions of this thesis.
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CHAPTER II. MATERIAL CHARACTERISATION AND EXPERIMENTAL PROCEDURES

Chapter -11-

Material characterisation and
experimental procedures

Contents

1.1 Material characterisation . ... ........... ... . 0 . 10
11.2 Preparation of prestrained material . ....................... 12
1.3 Mechanicaltesting . . . . . . . . .0 ittt ittt e e e e 14
I1.3.1 Smooth bar tensile test . . . . . . ... ... oL 15

I1.3.2 Notched bar tensile test . . . . . . ... ... ... ... ... ..., 15

I.3.3 Plane strain tensile test . . . . . . . .. ... ... .. ... ... ..., 16

1I.3.4 Fracture toughnesstests . . . . . . . .. ... .. ... .. ... 16

a) Compacttensiletest . . . . . ... ... ... ... ... 17

b) Single-edge-notched bend test . . . . . .. ... ... ...... 19

c) Single-edge-notched tensiontest . . . . . ... ... ... ... 19

d) Calculation of J integral value . . . . . ... ... ... .... 20

1 t. Résumé en francais :

L’objet de ce chapitre est de présenter le matériau d’étude et d’aborder les procédures
expérimentales. Les objectifs étant de comprendre les mécanismes de rupture des toles en X100 et de
construire une base de données expérimentales permettant d’identifier les parametres des modeles et

de valider leur efficacité.

Le matériau d’étude est fourni par Nippon Steel Corporation sous forme d’une plaque d’acier
de 16 mm de nuance API X100'. Il appartient a la classe des aciers dits HSLA (High Strength
Low Alloy Steels).L’obtention d’une bonne limite d’élasticité et d’une bonne ténacité résulte d’un
processus de réduction des impuretés et d’un traitement thermo-mécanique contrdlé (TMCP) au
cours du laminage de la brame obtenue par coulée continue jusqu’a 1’obtention de la tdle. Le
refroidissement rapide induit par une trempe a 1’eau permet d’obtenir une structure ferrito-bainitique

'ce qui signifie que la limite minimale garantie dans le plan de laminage est de 100ksi, soit 690 MPa
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II.1. MATERIAL CHARACTERISATION

assez fine : la taille moyenne des grains polygonaux de ferrite étant de 4 pym. La bainite contient des
précipités d’austénite-martensite (MA) dont le volume est d’environ 3 %. La forme des inclusions
primaires est contr6lée par I’addition de Calcium et de Titane (Ti) pour obtenir de fines inclusions
globulaires de sulfure de calcium (CaS) et d’oxydes de titane (TiO) dont la fraction volume reste
assez faible (2.10%).

Leffet de pré-déformation a été étudié au travers de prélevements de matériau sur de grandes
éprouvettes de traction soumises a des niveaux de déformation controlée. Des niveaux allant jusqu’a
6 % de pré-déformation ont été appliqués selon la direction T (Transverse au laminage) correspondant
au pré-chargement que peut subir un tube lors de sa mise en forme.

De nombreux essais ont été réalisés sur le toles non déformées et les matériaux pré-déformées
avec 7 types d’éprouvettes. L’éprouvette de traction (ST) est utilisée pour caractériser le
comportement élasto-plastique selon les directions L (direction de laminage), T (direction transverse)
et D (direction diagonale dans le plan L-T). Les éprouvettes entaillées (NT) sont utilisées pour étudier
les propriétés d’endommagement et le comportement pour des états de triaxialité différents. Les
éprouvettes PE permettent de caractériser le comportement du matériau en déformation plane. Elles
permettent notamment de discriminer le critere de contrainte équivalente qui pour ce type de matériau
peut étre différent du critere de Von Mises. Les éprouvettes de fissuration CT (Compact Tensile),
SENB (Single Edge Notch Bending) et SENT (Single Edge Notch Tensile) permettent de réaliser une
propagation stable de la fissure selon différents taux de confinement plastique. Ces essais ont plusieurs
objectifs : i) étudier la propagation ductile sur une éprouvette ol la triaxialité des contraintes au coeur
de I’éprouvette est plus sévere que dans le cas des éprouvettes NT et obtenir une base expérimentale
permettant de valider les modeles d’endommagement ductile utilisés. ii) Caractériser 1’anisotropie
de rupture macroscopique en termes de parametres de ténacité .Jy et de résistance a la déchirure
0J/0(Aa). On notera pour ces essais la nomenclature suivante : i) L-T : L- direction de sollicitation
et T- direction de propagation de la fissure, ii) T-L : T- direction de sollicitation et L- direction de
propagation de la fissure.

II.1 Material characterisation

A high strength steel plate for a line pipe has been considered in this work, designated API Grade
X100. The used material was supplied by Nippon Steel Corporation.

The manufacturing process of the tested steel is shown in Figure II.1. First of all, hot metal
was subjected to desiliconization, dephosphorization and desulphurization in the pretreatment of the
hot metal. Next, in the LD-converter, the reduction in carbon and nitrogen contents was conducted
by decarburization and denitrification treatments. In the vacuum degassing, oxygen content was
removed. Alloying elements were added in both the LD-converter and the vacuum degassing
processes. After the refining treatments, a slab was made through the continuous casting process.
In the casting process, soft reduction technology was applied, in order to reduce center segregation of
the cast slab. After reheating, the slab was thermomechanically rolled into a 16mm thick plate, and
then subjected to accelerated cooling in the heavy plate mill.

The chemical composition of the tested API Grade X100 steel is shown in Table II.1. C content
was reduced to 0.05% in order to improve low temperature toughness of the plate. Mn, Ni, Cr and Cu
were added to the steel to achieve the specified minimum strength of the X100 grade. Ti was included
and Al content was kept less than 0.01% to obtain fine TiO particles, which was efficient to improve
toughness of the heat affected zone in a welding joint. Nb was also added into the steel, in order to
improve strength and toughness at the same time.
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Pretreatment of . Continuous casting
—— LD-converter Vacuum degassing = .
hot metal with soft reduction
Desiliconization, Reduction in carbon and  Reduction in oxygen and Reduction in center
dephosphorization and nitrogen contents addition of some elements, segregation
desulphurization Addition  of alloying  e.g. Nband Ti

elements, e.g. Mn and Si

_ Thermo-mechanical

= Accelerated cooling

rolling

Figure II.1 : Manufacturing process of X100 steel plate

Table I1.1 : Chemical composition of the used steel (weight%)

C Si Mn P S Ti N
0.051 0.20 1.95 0.007 0.0015 0.012 0.004
Other alloying elements: Ni, Cr, Cu, Nb.

Figure I1.2 shows a pseudo three-dimensional scanning electron microscope (SEM) micrograph
of the X100 steel used in this study. Due to heavy rolling condition during the thermomechanical
control process, each grain enlarged along the L-direction. A SEM image of the tested steel is shown
in Figure I1.3. The microstructure was composed of fine polygonal ferrite and bainite structure. In
the bainite, martensite-austenite (MA) constituent was precipitated. The volume of M-A constituent
is about 3%. The average size of polygonal ferrite was around 4 micron.

T

Figure IL.2 : Pseudo three-dimensional SEM micrograph in X100 steel.

Figure 11.4 shows hardness distribution along through-thickness direction at three positions in

11
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Figure IL.3 : SEM image of the tested X100 steel.

the tested steel. Hardness was measured at lmm intervals from a surface of the plate. The loading
force was 98N for the hardness test. The average Vickers hardness was Hv233, from which the
ultimate strength of the steel could be estimated approximately at 746MPa. The hardness values were
almost uniform through the thickness of the steel plate. No hardening around the surface of the plate
appeared, because of optimization of accelerated cooling condition.

Generally speaking, ductile rupture coincides with void nucleation, growth and coalescence.
Figure I1.5 demonstrates an example SEM photo of fracture surface of X100 steel used in this study.
The primary void nucleates at a inclusion. The inclusion are mainly calcium sulfides (CaS) or/and
titanium oxides.The image indicates that it is very important to detect the inclusion volume fraction
to carry out precise damage simulation later.

Figure I1.6 shows a back scattering image on the cross section of the tested steel. On the back
scattering image, one can easily distinguish inclusions from base metal. Black particles are inclusions.
100 photographs were taken at different positions on the cross section and then total number and the
average diameter of inclusions so that the volume fraction of the inclusions could be estimated. The
calculated volume fraction was 2.02 x 1074,

Due to the thermomechanical hot rolling process, the tested steel has an anisotropic mechanical
properties. This is the reason why it is important to keep track of the material principal axes. In
the following the longitudinal direction corresponding to the rolling direction is referred to as L; the
transverse direction is referred to as T and the short transverse (thickness) direction is referred to as
S. D stands for the diagonal direction on L-T plane formed by the L-direction and T-direction.

I1.2 Preparation of prestrained material

In order to prepare prestrained material, an interrupted tensile test has been performed on a 4000 kN
tensile machine. A large-scale flat tensile specimen used for the prestrain test is shown in Figure I1.7.
The specimen was designed to produce a 200mm x 100mm zone at the center of the specimen where
plastic strain was uniform. prestrain was applied up to 6% along T-direction which corresponds to

12
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Figure I1.4 : Hardness distribution of the used X100 steel.

Figure IL.5 : Typical ductile fracture surface of X100 steel.
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|=W

50um
Figure I1.6 : Back scattering image of X100 steel.

prestraining direction during pipe forming process. Strain gauges were glued on the test specimen in
order to check the applied prestrain level. The displacement rate for all the tests was 13.3mm/min
(strain rate approximately of 10~%s~1).

. 400 .
\ v
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——~ =20 N\
700

Figure II.7 : Schematic illustration of large tensile specimen for prestraining (dimension in mm).
The gray area indicates the zone where prestrain is homogeneous.

II.3 Mechanical testing

In this study, mechanical tests have been performed for X100 plates under as-received and prestrained
states. Three types of tensile specimen have been utilized: (a) smooth tensile bars, (b) notched tensile
bars, (c) plane deformation tensile sheets. Three types of fracture toughness test specimens have been
also used: (a) compact tensile specimen, (b) single-edge-notched bend specimen and (c) single-edge-
notched tensile specimen. All tests have been carried out on a servo-hydraulic testing machine.
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I1.3.1 Smooth bar tensile test

Smooth bar tensile tests were carried out for as-received and prestrained materials, in order to
obtain the basic tensile properties. The tensile specimen is shown in Figure I1.8. For clarification
of anisotropic plasticity, the testing specimen was cut along three different directions (L, T and
D directions). Two extensometers were attached to the specimen, in order to measure axial and
radial strain of the specimen at the same time, as demonstrated in Figure I1.9. The initial length
of the longitudinal extensometer (MTS632.11.F.21(2248)) is 9mm. The diametrical extensometer
(MTS632.02C.21(1526)) was carefully set up along S-direction because diameter reduction was quite
different at each circumferential position due to plastic anisotropy. The test was performed in machine
displacement control. The displacement rate was lmm/min (strain rate of 5.10~%s~1).

56
30

(Sa Qo

<— 10 —

Figure IL.8 : Schematic illustration of smooth bar tensile specimen (dimensions in mm).

Figure I1.9 : Photograph of a mounted smooth bar tensile test sample.

I1.3.2 Notched bar tensile test

In order to characterize ductile fracture properties of the tested X100 steel, axisymmetric notched
bar tensile tests have been conducted in the L and T directions. The notch shape strongly correlates
with the stress triaxiality ratio, which is important to study effect of stress level on ductile fracture
mechanism, at the center of the tensile specimen. In this study, three types of notch tensile
specimen have been utilized, as illustrated in Figure I1.10. Among three specimens, the notch
radius was different (0.6mm, 1.2mm and 2.4mm), while the diameter of the minimal section was
constant (bmm). Axial and diametrical extensometers were set up on the notch specimen as shown
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in Figure II.11. The initial length of the longitudinal extensometer (MTS632.11F.21(2248)) was
8.8mm. The radial extensometer (MTS632.02C.21(1526)) was attached to the minimal section along
S-direction. All notched tensile specimens have been tested under the longitudinal strain control;
the displacement ratio of NT1, NT2 and NT4 specimen was 0.036mm/min, 0.072mm/min and
0.144mm/min, respectively.
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Figure I1.10 : Schematic illustration of notched bar tensile specimens (dimensions in mm).

I1.3.3 Plane strain tensile test

As shown in Figure I1.12, a wide and relatively thin tensile specimen was used to characterize plastic
behavior in a plane strain state. The specimen width and thickness was 20mm and 2mm, respectively.
The plane deformation test was conducted in the L and T directions with an imposed displacement
rate corresponding to a mean strain rate of 5.0 x 10~%s~! at the center of the test specimen. During
the test, both axial and thickness strains were measured by two extensometers (MTS632.11F-20 for
the axial strain and a homemade for the thickness strain), as illustrated in Figure II.13.

I1.3.4 Fracture toughness tests

For determination of ductile tearing resistance of X100 steel in various stress states, three types
of fracture toughness test specimens were used in this study. The used specimens were compact
tensile (C(T)), single-edged bend (SE(B)) and single-edged tensile (SE(T)). All specimens contained
notches that were sharpened by pre-fatigue test. The fracture toughness samples had different crack-
tip constraint; the C(T) specimen had highest crack-tip constraint, whereas the SE(T) specimen had
lowest one. Each test procedure is described as follows.
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Figure II.11 : Photograph of a mounted notched bar tensile test sample.

24 - 6

Figure II.12 : Schematic illustration of plane deformation tensile specimen (dimensions in mm).

a) Compact tensile test

The C(T) specimen geometry is shown in Figure II.14. L-T (resp. T-L) configuration was investigated
in which L (res. T) corresponds to the loading direction and T (resp. L) to the crack propagation
direction. The specimen thickness, B, and width, W, was 12.5 mm and 25.0 mm, respectively. No
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Figure I1.13 : Photograph of a mounted plane deformation tensile test sample.

side grooves were machined on the specimen surfaces.
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Figure I1.14 : Schematic illustration of C(T) test specimen (dimensions in mm).

All specimens with a machine notch of 11.0 mm were pre-cracked in fatigue so that a total initial
crack length of all specimens could be between 0.56W and 0.62W. The fatigue force was controlled
with less than 3.6 kN, monitoring the fatigue crack extension on both sides of the specimen. The
force ratio was 0.1 and the fatigue frequency was 40 Hz.

The J-Aa resistance curve was determined using multi-specimen technique in accordance with
ASTM-1820 [ASTM 2006] for as received and prestrained (2, 4 and 6 %) X100 steels. The fracture
toughness test was conducted under displacement control at ambient temperature. The displacement
rate was 1 mm/min. Force and displacement were simultaneously recorded during the test, in order
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to evaluate J. The ductile crack extention, Aa, was directly determined on a fracture surface of the
tested specimen which was broken at liquid nitrogen temperature after unloading.

b) Single-edge-notched bend test

The SE(B) specimen geometry is shown in Figure II1.15. Both L-T and T-L configurations were
investigated for as-received and 6 % prestrained X100 steels. The specimen thickness, B, and width,
W, was 10.0 mm and 20.0 mm, respectively. No side grooves were machined on the specimen
surfaces.

100.0
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Figure ILI.15 : Schematic illustration of SE(B) test specimen (dimensions in mm).
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All specimens with a chevron notch of 8.0 mm were pre-cracked in fatigue so that a total initial
crack length of all specimens could be between 0.48WW and 0.50W. The fatigue force was controlled
with less than 2.9 kN, monitoring the fatigue crack extension on both sides of the specimen. The
force ratio was 0.1 and the fatigue frequency was 40 Hz.

The J-Aa resistance curve was determined using multi-specimen technique in accordance with
ASTM-1820. The fracture toughness test was conducted under displacement control at ambient
temperature. The displacement rate was 1 mm/min. Force and crack mouth opening displacement
(CMOD) were simultaneously recorded during the test, in order to evaluate J. The ductile crack
extension, Aa, was directly determined on a fracture surface of the tested specimen which was broken
at liquid nitrogen temperature after unloading.

¢) Single-edge-notched tension test

The SE(T) specimen geometry is illustrated in Figure I1I.16. Both L-T and T-L configurations were
investigated for as-received X100 steel. The specimen thickness, B, and width, W, was 12.5 mm and
25.0 mm, respectively. No side grooves were machined on the specimen surfaces.
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Figure I1.16 : Schematic illustration of SE(T) test specimen (dimensions in mm).

All specimens with a machined notch of 10.5 mm were pre-cracked in fatigue so that a total initial
crack length of all specimens could be between 0.521 and 0.54W. The fatigue force was controlled
with less than 5.0 kN, monitoring of the fatigue crack extension on both sides of the specimen. The
force ratio was 0.1 and the fatigue frequency was 40 Hz.

The J-Aa resistance curve was determined using multi-specimen technique in accordance with
DNV-RP-F108. The fracture toughness test was conducted under displacement control with clamped
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end conditions at ambient temperature. The distance between the grips was 250 mm and the
displacement rate was 1.0 mm/min. Force and CMOD were simultaneously recorded during the
test, in order to evaluate J. The ductile crack extension, Aa, was directly determined on a fracture
surface of the tested specimen which was broken at liquid nitrogen temperature after unloading.

d) Calculation of J integral value

J is divided in elastic and plastic components as follows:
J=Ja+ Jp {L.1)

where J,; and J, is elastic and plastic component, respectivly. The elastic J,; is defined as:

K2%(1—1?)
=—" 1.2
Jel B ( )
K is inferred through the following equation at the final load.
K= P w 1.3
= Wf(a/ ) (IL3)
For a CT specimen,
2+ %)(0.886 + 4.64(%) — 13.32(:%)? + 14.72(%)? — 5.6(%)*
fagwy = (2 0886+ 464() ~18.32(p)° + 1072()" = 56()"]
=)
and a SENB specimen,
3(:%)Y2[1.99 — (%) (1 — %)(2.15 — 3.93(:%) + 2.7(:%)?
Faytwy = S99~ ()0~ ) 27N s
214 2%)(1 — %)3/?
and a clamped SENT specimen,
fla/W) = 2t£“17(2‘%%[0 752 + 2.02(—=) + 0.37(1 — sin ()] (IL6)
 cos(g%) W ' 2W '

where a is the physical crack advance length and W is the specimen width. The plasitc J is estimated
from the plastic area under the loda-displacemnet curve.
The plastic part of J is expressed as:
nAp
J, = 1.7
Pl B(W —a) {L.7)
where A, is the plastic area under the load-displacement curve and B is the specimen thickness. 7 is
a dimensionless parameter which depends on both the specimen type and on the geometry.
For a CT specimen,

(W —ao)
=2+40.522 Y I8
n + W (IL.8)
and a SENB specimen,
_ N o a0\’
= 3.785 — 3.101 ( ) +2.018 ( ) (IL.9)

according to ASTM-1820.
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In the case of clamped SENT specimens several formulas exist in the literature but a well accepted
standard is still missing. The following formula is proposed by DET NORSK VERITAS [DNV 2006]:

n = 0.85{ <196.719exp(— <Wv;a°> —64.642) (%)5 (I.10)
v <—493.511exp (—WV;GO> + 138.837> (%)4
+ (463.503 exp (— WV_V%) _ 106.207) (%)3
+ <—201.862 exp (—Ww_/ao> + 34.532) (%)2
+ <39.413 exp <WM_/“0> - 4.525) (%)

+ <—2.064 exp(<— WI;/“‘)) + 1.039) }

where ag is the crack length. The following formula was also proposed by Cravero and Ruggieri
[2007]

n = 1.0398 — 0.687(W — ag)/W (IL11)

This simple formula will be used in this work.
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CHAPTER III. MODEL FOR THE REPRESENTATION OF ANISOTROPIC HARDENING BEHAVIOR

Chapter -111-

Model for the representation of
anisotropic hardening behavior
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1 t. Résumé en francais :

Le chapitre 3 est un article de journal publié dans European Journal of Mechanics — A/Solids
[Shinohara et al. 2010].

Cet article présente d’abord les résultats expérimentaux (tractions lisses ST, tractions entaillées
NT et déformations planes PE) permettant de caractériser le comportement élasto-plastique du
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matériau selon les directions L (direction de laminage), T (direction transverse) et D (direction
diagonale dans le plan LT). Les essais de traction (courbes contrainte-déformation et ratio des
déformations non axiales) montrent un comportement anisotrope les directions L et T de la tdle.
Les essais sur éprouvettes pré-déformées mettent en évidence un écrouissage mixte isotrope et
cinématique. Un modele phénoménologique anisotrope combinant les écrouissages isotrope et
cinématique qui permet de rendre compte du comportement plastique de cet acier est alors présenté.
Le modele est identifié sur la base des résultats expérimentaux en utilisant la méthode d’identification
développée dans [Bron et Besson 2004]. Les nombreux essais utilisés pour I’identification sont bien
représentés tant au niveau contrainte que déformation anisotrope. Le modele est validé sur des essais
non utilisés pour cette identification. Les surfaces de plasticité représentées se distinguent nettement
des surfaces de von Mises. La comparaison des surfaces initiales et apres pré-déformation illustre
un écrouissage cinématique important. Une application du modele est alors réalisée pour déterminer
la charge limite de flexion (moment de flexion maximum) d’une structure tubulaire en présence d’un
défaut. Les simulations numériques montrent un effet négatif de la pré-déformation sur le flambement
du tube en présence de défaut : augmentation de la charge limite alors que 1’angle conduisant au
flambement diminue nettement.

Foreword

This chapter was published as a journal paper in European Journal of Mechanics — A/Solids
[Shinohara et al. 2010]. The elastoplastic behaviour of high strength line pipe steels including plastic
anisotropy and kinematic hardening is presented here.

Abstract

Line pipes have anisotropic mechanical properties, such as tensile strength, ductility and toughness.
These properties depend on both prestrain during the cold forming process and on the anisotropy
of the mother plates. In this study, a phenomenological model combining isotropic and kinematic
hardening is developed to represent anisotropic hardening behavior of high strength steel line pipes.
The model is adjusted on experiments carried out on smooth and notched axisymmetric bars and
plane strain specimens. The model is used to simulate bending tests carried out on large pipes
containing a geometric imperfection. Numerical results suggest that prestraining in pipe forming
process significantly affects the bending capacity of pipes.

III.1 Introduction

As consumption of energy is increasing worldwide, the demand for development of natural resources
such as oil and gas in remote locations becomes strong. These development areas are often far from
the major consumers because the potential locations are harsh environments where ground movement
may occur due to loading by offshore ice, discontinuous permafrost or seismic activity. Ground
movement will impose some strain demand on the pipelines (see e.g. [Lee et al. 2009]). For these
reasons, strain-based design (SBD) is essential in the case of these types of harsh environments,
while stress-based design of a pipeline is normally preferred. To achieve a safe and reliable pipeline
operation in a harsh area, accurate prediction of the plastic strain imposed by the ground movement
are required.

A pipe installed in such a field is subjected to plastic bending deformation. In SBD, the designers
need to consider the imposed strain on both tensile and compressive sides of the bended pipe.
Normally, full size pipe bending tests are carried out to evaluate the strain limit for buckling on
compressive point, while curved wide plate tests are performed to predict the strain limit for ductile
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failure on the tension side [Fairchild et al. 2008]. Numerical simulations by finite element analysis
are also conducted for specifying the effective mechanical properties of the tested pipes and checking
the predicted values against the experimental results [Tsuru et al. 2008].

The detailed mechanical properties of a line pipe have been clarified in the previous works
[Tsuru et al. 2008, Shinohara et al. 2008]. The line pipe has anisotropic hardening; a stress-strain
curve is quite different between the longitudinal direction and the circumferential direction. These
characteristics are mainly due to plastic strain developed during pipe forming. Furthermore, sharp
texture of the mother plate, which is generated during thermomechanical control process (TMCP)
at the plate mill, encourages anisotropy, especially in high strength line pipes (above X80 grade).
Recently, it was pointed out that a buckling strain limit of the bended pipe is significantly affected
by the anisotropic properties [Tsuru et al. 2008]. It was also reported that anisotropic hardening
has an influence on ductile crack driving force of a pipe pressured by the inner gas [Wang and Liu
2007, Baek et al. 2010]. However SBD of pipelines and in particular plastic instability of pipes have
been investigated using rather simple models (i.e. von Mises or Hill plasticity with pure isotropic
hardening) which could lead to poor predictions. Development of a model to represent anisotropic
hardening and prestrain effect in a line pipe is therefore needed for SBD.

To simulate plastic behavior of the material after prestraining, it is necessary to combine isotropic
and kinematic hardening together with plastic anisotropy. Several modeling strategies can be used.
The first one, which will be used in this work, is based on phenomenological models which allow for
a relatively simple identification of material parameters. As they use few material state variables,
they can be used to perform large-scale computations. Mixed nonlinear isotropic and kinematic
hardening can be represented following the approach proposed by [Chaboche 1986]. The model
has been applied to aluminium alloys under cyclic loading [Hopperstad et al. 1995a;b]. Other authors
employed such a model to represent transient hardening of prestrained dual phase steels [Tarigopula
et al. 2008; 2009]. In these cases an isotropic stress measure was used to define the yield function.
von Mises stress measure is often used but the measure proposed in [Logan and Hosford 1980] can
also be used as in [Tarigopula et al. 2008]. However, high strength pipeline steels have a strong
anisotropic plasticity [Tanguy et al. 2008, Rivalin et al. 2000b], so that an anisotropic yield function
should be used. In [Chaboche 2008] it was proposed to use Hill quadratic function [Hill 1950]
together with mixed isotropic/kinematic hardening. However it is known that this function can hardly
represent actual experimental data so that more complex yield function have been proposed in the
literature [Barlat et al. 1991, Kim et al. 2007, Bron and Besson 2004, Karafillis and Boyce 1993].
However these complex yield surfaces have only been used assuming pure isotropic hardening. The
second strategy is based on micromechanical polycrystalline models which use a physically based
description of plastic slip in each grain and rules to describe the intergranular interaction [Zouhal
et al. 1996, Hoc and Forest 2001, Sai et al. 2006]. Using the experimentally measured texture can
help reducing the number of material parameters which need to be fitted. However parameters must
be introduced to represent hardening of slip systems, interaction between slip systems and interaction
between grains. In addition they use a large number of state variables thus significantly increasing
the computation cost so that simulating structures becomes difficult. A third strategy is based on
relatively simple macroscopic description but uses physically based state variables such as dislocation
densities (see the original work by [Mecking and Kocks 1981]). Following this methodology, some
authors [Haddadi et al. 2006] achieved accurate representations of the Bauschinger effect and transient
hardening phenomena by prestraining, using a microstructural models proposed in [Teodosiu and Hu
1995].

In this work, experiments are carried out on a API X100 grade line pipe steel plate in the as
received state and for several levels of plastic prestrain. Experiments are carried out on smooth and
notched axisymmetric bars and plane strain specimens along various loading directions to study both
anisotropy and the effect of prestrain. A set of constitutive equations incorporating plastic anisotropy
and mixed isotropic/kinematic hardening is proposed to represent the behavior of the material. The
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model is adjusted on the experimental data base and used to carry out simulation of large scale pipe
bending experiments.

III.2 Material and experimental procedure

III.2.1 Material

The material used in this study is a high-strength steel plate with 16mm thickness for line pipes
produced in a commercial heavy plate mill. The chemical composition is shown in Tab. III.1. The
plate was made through TMCP and accelerated cooling process in the mill. The microstructure is
dual phase consisting of fine polygonal ferrite and bainite structure (see Fig. I11.1).

Table ITL.1 : Chemical composition of the used steel (weight%)

C Si Mn P S Ti N
0.051 0.20 1.95 0.007 0.0015 0.012 0.004
Other alloying elements: Ni, Cr, Cu, Nb.

Figure II1.1 : SEM image of the steel plate used in this study (Nital etching).

The steel has anisotropic mechanical properties due to development of the crystallographic texture
by TMCP, hence it is important to keep track of the material principal axes. In the following,
the longitudinal direction, which is corresponding to the rolling direction, is referred to as L; the
transverse direction is referred to as T and the short transverse (thickness) direction is referred to as
S. D stands for the diagonal direction (45° between directions L and T in the sheet plane). The steel
strength after UOE forming ' meets the API X100 grade specification where the yield strength is
required 100 kpsi (or 690MPa) and higher.

"UOE forming is a manufacturing process where the plate material is first deformed into an U-shape then an O-shape.
The pipe seam is then welded. The pipe is finally Expanded using an internal mandrel. To achieve low ovality, the pipe is
typically expanded by 0.8-1.3% from its diameter after the O-step [Herynk et al. 2007].
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II1.2.2 Experimental procedure

To obtain prestrained materials, prestrain tests were first conducted, using a 4000 kN tensile testing
machine. Large flat tensile specimens (see Fig. II1.2) were machined so that a 200mm x 100mm zone,
where applied strain is uniform, could be produced at the center of the specimen. Strain gages were
glued on the surface of tested specimens to check the actual prestrain level. The level of prestraining is
up to 6.6%. Prestrain was performed along the T direction which corresponds to the main deformation
direction during UOE forming.

A comprehensive characterisation of the mechanical properties of the steel was conducted along
three different directions (L, T and D) using several types of tensile test specimens. The used
geometries are presented in Fig. III.3. All tests were performed at room temperature on a servo-
hydraulic testing machine for the as-received and prestrained materials. Test specimens include
smooth tensile bars (ST), axisymmetric notched bars with various notch radii (NT, ) and plane strain
specimens (PE). Notched bars, which are often used to characterize rupture (see e.g. [Mackenzie
et al. 1977]), are employed here as they allow to induce stresses in directions perpendicular to the
main loading direction (in particular along the S direction) and consequently allow to test multi-axial
stress states using a simple experimental setup. In addition notched bars allow to reach high levels of
deformation so that the hardening behaviour is determined over a wide range for plastic strain. This is
an alternative to the sole use of tensile bars which then need to be analysed beyond necking to reach
high deformation levels [Mirone 2004, Zhang et al. 1999].

In the case of ST specimens, strain was measured using an extensometer with a gauge length
equal to Lo = 9 mm. AL denotes the gauge length variation. The imposed strain rate was:
AL /Lo = 5. 10~* s~!. In the case of ST and NT, specimens the diameter reduction (A®g) in the
minimum cross section was measured along the S direction along which deformation is maximum.
For PE specimens, thickness reduction (Ae) was measured at the center of the specimen. For both
NT, and PE specimens the machine cross-head speed was selected so as to obtain a measured strain
rate approximately equal to 5. 104 s~1. In the following F denotes the force, Sy the initial specimen
minimum cross section, ®( the initial specimen minimum diameter and eq the initial PE specimen
thickness.

: 400 .
\U Y

110
150

—— =20 \
700

Figure I11.2 : Large tensile specimen for prestraining (dimension in mm). The gray area indicates
the zone where prestrain is homogeneous.

III.3 Experimental results

II1.3.1 Smooth tensile bars

Fig. I1.4(a) shows nominal stress (F'/Sp) vs nominal strain (AL/Lg) curves in different loading
directions of smooth tensile bar tests in the as received state. Flow stress depends on the loading
direction. The flow stress in T load direction is the highest, while the one in D direction is the
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Figure IIL1.3 : Test specimens: ST: smooth tensile bar, NT,—1, 2 4: axisymmetric notched bars, PE:
plane strain specimens (the gray line indicates the plane strain direction).

lowest. Plastic flow behavior also depends on the loading direction as shown in Fig. I1I1.4(b) where
the diameter reduction A®g /Py is plotted as a function of the elongation AL/ L. In L and T loading,
plastic anisotropy is obvious. Deformation along the S direction is larger than in the isotropic case so
that initially round cross sections deform into ellipses (see e.g. [Tanguy et al. 2008]). On the other
hand, D loading leads to an “isotropic” diameter reduction.

True stress-true strain curves of the smooth bar test for prestrained materials are shown in
Fig. IIL.5. True stress-true strain curves are computed assuming volume conservation. The method
is applied up to the ultimate tensile test (UTS). Stress-strain curves of the prestrained materials are
shifted by the amount of prestrain. In T direction, which corresponds to the prestraining direction,
tensile tests on prestrained materials corresponds to elastic reloading up to the flow curve of the as-
received material with a sharp transition between elastic and plastic regimes. Beyond yielding, curves
coincide with that of the as-received material. On the other hand, in L direction (orthogonal one to
the prestraining) and D direction (the 45° direction from T), the yield stress is higher than that of the
as-received material but work hardening is rate continuously changing at the early strain stages with
a smooth transition between elastic and plastic regimes. This behaviour is characteristic of mixed
isotropic/kinematic hardening evidenced by performing strain-path changes [Tarigopula et al. 2009].

II1.3.2 Notched bars

Fig. IIL.6 shows the normalized load (F/Sy) as a function of diameter reduction (A®g/®Py) for the
various notched bars and for all prestrain levels. For a given testing condition (i.e. loading direction
and prestrain level), maximum load increases with notch severity [Bridgman 1952, Mackenzie et al.
1977] and ductility (characterized by the sharp load drop point) is reduced [Devillers-Guerville et al.
1997] as could be expected. A transient hardening (i.e. smooth transition between elastic and plastic
regimes) behaviour is obtained for all cases. The transient hardening behaviour is still present for
T loading on prestrained materials due to the development of a deformation gradient inside the notch
(geometrical effect). With increasing prestrain level, maximum load increases and the radial strain at
which the maximum load is reached decreases. For a given sample geometry and a given prestrain
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Figure II1.4 : (a) Nominal stress-strain curves in smooth bar tests of as-received steel. (b) Diameter
reduction along the S direction as a function of elongation for L,T and D loading directions. The

isotropic case corresponds to the equation: AdPg/Py = (1 + AL/ Lo)_§ - 1.

level, the maximum load is higher for T-loading due to both prestrain and the higher yield limit in the
T-direction.

II1.3.3 Plane strain specimens

Nominal stress-strain curves of plain strain tests for the as-received and 6% prestrained materials are
shown in Fig. II1.7. In the as-received state, flow stress in T load direction is larger than that in L.
Especially, yield strength is much larger in T loading than in L. After 6% prestraining, work hardening
is almost lost in both directions and the flow stress in T is still higher than in L.

II1.3.4 Strain rate sensitivity

The material strain rate sensitivity was tested using three different strain rate : 5.107%, 5.10~* and
5.1073 s~1. Results are shown on Fig. IIL8 for the as received material loaded along the L direction.
A slight strain rate dependence is observed with stresses increasing with increasing strain rate.

II1.4 Constitutive model

II1.4.1 Constitutive equations

The steel used in this study presents both anisotropic plasticity and kinematic hardening. The model
proposed in the following accounts for both phenomena. In order to represent kinematic hardening,
a back stress X is introduced [Chaboche 1989]. The yield surface is expressed using the difference
(B) between the Cauchy stress o and the back stress: B = g — X In order to account the anisotropic
plasticity it is necessary to use an anisotropic stress measure to define the yield surface. The model
proposed in [Bron and Besson 2004] is used in the following. It consists in a generalization of of
previously published models [Karafillis and Boyce 1993, Barlat et al. 1991]. For any symmetric
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Figure IILS : True stress-strain curves in smooth bar tests of as-received and prestrain steels.

second order tensor 7, the anisotropic scalar measure (1g) is defined as:

N 1/a
T — Tp = (Z akTgk> (IIL1)

k=1

with >, ap = 1 and o, > 0, Vk. a is a model coefficient. The function T5(T’) is positive and
homogeneous of degree 1. T are secondary anisotropic scalar measures. In the following, two
measures will be used (N = 2) as in [Bron and Besson 2004, Tanguy et al. 2008]. One first defines

two modified deviators:
Ty=Ly:T k=1,2 (I11.2)

where the fourth order tensor Ly, is expressed as using Voigt notations:

%(CEL + c&s) _%Cgs _%C]EL 0 0 0
%Cgs %(Cgs + ip) _%CI%T 0 0 0
_ —3L — 3¢ s(p+ef) 00 0
Ly = (IIL.3)
= 0 0 0 0 0
0 0 0 0 cfg 0
0 0 0 0 0 ck&p

C}Iz%...ST are model coefficients. The eigenvalues of T, are then computed: Tk} > T,? > T,?. TE1 is

then computed as:

1 1/by
T = <2 (172 =2 + 17 = T+ |7 - Tf|”1)> (I4)
and T as:
5 1/by
Tpo = (5o (131" + T3 + 7312) (I.5)
2b2 42

These definitions introduce two other model coefficients: b; and bs.
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The yield surface is then expressed using the above definition of the anisotropic stress measure

as:

¢ = Br — R(p) (IIL.6)

where R(p) represents isotropic hardening. Plastic flow is then computed using the normality rule as:
0¢ OBE

S 1.7

& =Pg, =Py, (IIL.7)

where p is the plastic multiplier such that £, : B = pBg. The evolution of the back stress is written
using recall term to obtain non-linear (Armstrong—Frederick type) kinematic hardening [Chaboche
2008]:

.2
X = §C§'p —pDX (I11.8)

C and D are material parameters. In this study, only one back stress was used. The model can easily
be extended to allow for a superposition of back-stresses [Chaboche 2008, Samrout et al. 1997]. To
account for the slight strain rate dependence of the material, the plastic multiplier is expressed using
Norton’s law as:

p=¢€o(¢/00)" (I11.9)
Finally a specific form for the R function was chosen as:
R(p) = Ro (1 + Q1(1 — exp(—Fk1p)) + Q2(1 — exp(—k2p))) (II1.10)

II1.4.2 Numerical analysis

The proposed model in this study is implemented in the FE software Z-set [Besson and Foerch 1997,
Foerch et al. 1997]. An implicit scheme is used to integrate the constitutive equations. The consistent
tangent matrix is computed using the method proposed in [Simo and Taylor 1985]. Finite strains are
accounted using a corotational frame as in [Sidoroff and Dogui 2001].

II1.4.3 Parameter identification

The model developed in this study is complex and has several material parameters to be adjusted;
the anisotropic yield function parameters (a, b1, b2, «, clTT__ST, CQTT._.ST), the kinematic hardening
parameters (C' and D) and the isotropic hardening parameters (Ry, Q1, (Q2,b1, b2). In the following
the model was simplified assuming ¢ = b; = bs. The parameter adjustment is carried out according
to previous work [Bron and Besson 2004]. Tensile tests along L, T and D directions are used as
well as all tests of notched bars with different minimum radii for the as-received and prestrained
materials. In case of tensile smooth bars, force-axial displacement curves are used together with
the relationship between axial and diameter displacement (Fig. III.4-b). In case of notched bars,
force-diameter reduction curves are used. In both cases, diameter displacement is measured along S
direction. Adjusted material model parameters are shown in Tab. III.2.

III.5 Numerical results and discussion

Fig. I11.9-(a)-(c) show the comparison of experimental and simulated true stress—true axial strain
curves of smooth bar tests in different directions. For tests carried out on prestrained materials, the
curves are shifted by the amount of plastic strain introduced by prestraining. As can be seen from
these figures, the developed kinematic model can describe transient hardening at the early strain stage,
which is dependent on reloading direction, after prestraining up to 0.06. For T loading direction,
which is parallel to the prestrain direction, no transient stress-strain response is found, while in L and
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Table ITL.2 : Material model parameters

Elastic properties
Young’s modulus E 200 GPa

Poisson’s ratio v 0.3

Kinematic hardening

C,D 39794 MPa, 287
Isotropic hardening

Ry 375.5 MPa
Q1, k1, Q2, k2 0.15, 78.6, 0.46, 18.8
Strain rate dependence

€0, 00, 10 1571, 55MPa, 5
Anisotropic yield model

a=>b; =by, a1, 8.74,0.7,0.3
chp, el s el 1.05, 0.82, 0.66
chpsclg s O 0.93, 1.15, 1.19
o, €21, Cog 0.94, 1.05, 0.74
Gy, Clg s Cog 0.80, 0.99, 1.17

D directions, which are orthogonal and diagonal to the prestraining direction respectively, a significant
change in stress-strain curve in the small strain region is indicated after the reloading.

Furthermore, as the developed model includes anisotropic yield function, it can represent
anisotropic plastic flow for all loading directions as shown in Fig. II1.9-(d).

Fig. III.10 compares the experimental and simulated force-diameter reduction curves of NT
specimens for both the as-received and prestrained materials. Because the developed model does
not incorporate a damage model representing ductile failure, simulated and experimental curves are,
here, compared up to ductile initiation point. For all types of notched bar specimens, the agreement is
good up to the drop point for both load orientations and all prestrain levels. The results indicate that
the developed model could be used for accurate prediction of stress triaxiality and equivalent strain at
ductile fracture initiation which both are the most important factors [Ohata and Toyoda 2004, Decamp
et al. 1997] to develop a damage model representing ductility of anisotropic steels in the future.

Diameter reduction along the S direction as function of longitudinal strain of NT specimens
loaded in T and L load directions is shown in Fig. III.11 for the three notch geometries (as received
state). The developed model can also represent anisotropic flow behavior in all NT specimens. Note
that this set of data was not used for fitting material parameters.

Fig. II1.12 presents experimental and numerical stress-strain curves of tensile tests done in a plane
strain state for as-received and 6% prestrained material. The simulations by the identified model
accurately predict stress-strain responses in L direction (orthogonal to prestrain load) as well as in T
direction (parallel to prestrain) for the as-received and the prestrained steels.

Fig. I11.13 shows the simulated yield surface for biaxial loading in the T-L plane after prestraining
to the different experimentally prescribed levels (T direction). It is shown that hardening in initially
strongly kinematic (as received — 2%) leading to a translation of the yield surface. Due to the high
value of parameter D, X rapidly reaches its saturation value and hardening tends to become more
isotropic (2% — 6%) with the yield surface growing.
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II1.6 Application to pipe bending simulation

The strain-based design methodology requires to carry out tests on large pipe elements (see e.g.
[Timms et al. 2009, Tsuru and Agata 2009]). The purpose of this section is to propose a finite
element simulation of such tests taking into account the anisotropic material behaviour. Using the
developed constitutive model, bending simulation of a pipe prestrained during the forming process
was conducted to clarify the prestrain effect on the buckling capacity. In this study, prestraining was
assumed to be monotonic plane strain tension along T direction and prestrain (e1) was applied up to
6 %. The zero strain direction corresponds to the L direction which is representative of UOE forming.

I11.6.1 Finite element simulation of pipe bending experiments

The finite element model for pipe is shown in Fig. III1.14. The nominal diameter (D,, = 2R) to the
thickness (¢) ratio of the pipe was 47. The length (L) was 8 times the diameter. Due to symmetries,
only % of the the pipe was actually meshed. A local material frame is used to define the material
principal directions (T, L and S) with respect to the pipe: L corresponds to the pipe axis and is
constant whereas T and S vary depending on the angular position. All calculations were performed
using 3D linear elements (eight nodes) using full integration and a F-bar formulation to avoid spurious
pressure oscillations [Hughes 1980]. An initial internal pressure, P, equal to 80% of the burst pressure
(FP,) is applied to the tube. P, is given by:

PC = ;UX100 (IH] 1)
where ox100 = 100 kpsi= 690 MPa (so that P = 23.5 MPa) . The bending angle (0) is then applied
rotating a rigid plate attached on one pipe end. The rotation axis is allowed to move freely along
the pipe axis to avoid generating spurious axial tensile forces. Simulations are carried out assuming
either (i) pure bending or (ii) bending assuming an end-capped pipe so that an axial force equal to
7 R2P is generated. In the following bending moments will be normalized by the pure bending limit
load [Huh et al. 2007] assuming a flow stress equal to ox100:

My = D2toxi00 (IIL.12)

In order to trigger buckling at the center of the pipe, a small geometric imperfection was inserted.
It consists in a radial perturbation of the pipe diameter given following the shell theory proposed by
Timoshenko [Tsuru et al. 2008]. The perturbation is characterized by a wave length A equal to :

1
D2t2 1

so that A\ = 16.75¢ in the present case. The prescribed relative perturbation ¢ is expressed as: § =
(Dyr — D)/ Dy, where Dy and Dy, as respectively the maximum and minimum diameters (see
Fig. I11.14). The radial perturbation is expressed as:

D 3
AR = 5% cos (27T§> for |z| < Z)\ and 0 otherwise (1IL.14)

where z denotes the longitudinal position (with z = 0 at the center of the pipe segment).

II1.6.2 Simulation results

Fig. IlI.15 shows the effect of prestrain (between 0 and 6%) on bending behaviour under both pure
bend and capped-end conditions. In both conditions, prestraining strongly affects the peak moment
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(M,) and the angle at the onset of buckling (6.), i.e. the angle corresponding to .. Both moment
and angle are much higher under the end-capped condition than under pure bending. With increasing
prestrain the peak moment increases while the critical angle decreases. In particular, the critical angle
of a pipe bended under end—capped condition is strongly reduced by prestraining. A bulge is formed
on the compressive side of the pipe (see Fig. III.15) for bending angles larger than 6. is observed
experimentally (see e.g. [Timms et al. 2009]). In long distance gas pipeline projects using the high
design factor , the pipes buried under the ground might be subjected to move under end—capped
condition. Furthermore, prestrain level due to pipe forming fluctuates along the circumferential
direction of a line pipe. In the case of UOE pipes, the deviation of prestrain is distributed between
—20% and 4+50% of the average prestrain level. Hence this numerical study suggests that prestrain
history in pipe manufacturing process should be precisely controlled for line pipes used in strain-
based design.

Fig. I11.16 shows the effect of defect size on the critical bending moment and on the critical
bending angle for a prestrain level equal to 2%. The simulation of bending was performed under two
conditions: pure bending and end—capped. The critical buckling moment is not significantly affected
by the pipe defect size. On the other hand, the defect size absolutely deteriorates the critical angle,
especially under the end-capped condition. These results are similar to the previous study [Tsuru and
Agata 2009].

III.7 Conclusions

In this study, a phenomenological model has been developed for anisotropic materials with combined
isotropic/kinematic hardening. The generic model was applied to describe the behaviour of a
X100 grade line pipe steel. For this type of material, plastic anisotropy is caused by the specific
crystallographic texture existing in the mother plate as well as by prestrain induced by cold forming.
Incorporating kinematic hardening in the model is crucial to be able to represent prestrain induced
anisotropy. The model was identified using tensile tests carried out on smooth and notched
axisymmetric bars and plane strain specimens. In order to distinguish isotropic and kinematic
hardening, these tests were carried out on as-received plate material as well as on prestrained
materials. The model was implemented in a finite element code and used to perform simulations
of large scale pipe bending experiments. The numerical results suggest that prestraining in the pipe
forming process significantly affects the bending capacity of pipes.
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Figure II1.6 : Force-diameter reduction curves in notched bar tests of as-received and prestrained

steels
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Figure IIL.7 : Force-thickness reduction curves in plain strain tests of as-receive ed and prestrain
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Figure II1.8 : Nominal stress-strain curves for various imposed strain rates (L direction, as-received
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Figure IT1.10 : Comparison of experimental (lines) and simulated (symbols) force-diameter reduction
curves in notched bar tests
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CHAPTER IV. PRESTRAIN EFFECT ON DUCTILITY AND TOUGHNESS IN A HIGH STRENGTH LINE PIPE STEEL

Chapter -1V-

Prestrain effect on ductility and
toughness in a high strength line pipe
steel

Contents
Ivi1 Introduction . . . . . . . . . 0 ittt e e e e e e e e e 44
IV.2  Material and experimental procedure . ................ ... 45
IV.3  Experimentalresults . . . . .. .. ...ttt it ittt tennnnos 47
IV3.1  Tensiletests . . . . . . . . L 47
IV.3.2  Fracture toughnesstests . . . . . . . . . . .. .. ... 52
IV.3.3  Fractographic examination . . . . . . . . ... .. .. ... ....... 56
IvV4 Conclusions . . . . . v v i it ittt et e e e e e e 60

1 !' Résumé en francais :

Le chapitre 4 expose les résultats expérimentaux relatifs aux effets observés de la pré-déformation
sur la ductilité et la ténacité du matériau.

Les essais de traction sur éprouvettes lisses initiales ou pré-déformées montrent un effet
d’anisotropie. L’anisotropie de rupture est clairement mis en évidence au travers des sections
elliptiques apres rupture pour les directions L et T. Le matériau chargé dans la direction T perd sa
réserve d’écrouissage en cas de déformation et strictionne des le début de la plastification pour une
pré-déformation de 4 ou 6 %. Les essais de traction sur éprouvettes entaillées montrent également une
anisotropie selon la direction de traction. On observe de plus une ductilité qui décroit linéairement
avec la pré-déformation et qui classiquement se réduit lorsque la triaxialité augmente.

Les essais de ténacité montrent une valeur Jy (initiation a la rupture) indépendante de la géométrie
(CT, SENB et SENT) et de la direction de sollicitation mais sensible a la pré-déformation. Par contre,
al’inverse la propagation de la rupture, représenté par le module 0.J/9(Aa), est fortement dépendante
de ces deux parametres mais tres peu de la pré-déformation.
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IV.1. INTRODUCTION

Enfin, des observations des surfaces de rupture au MEB ont été réalisés pour les éprouvettes de
traction (ST et NT) et les éprouvettes CT. L’examen des faci¢s de rupture met en évidence deux
populations de vides : ceux qui nucléent en premier autour des inclusions primaires d’oxydes de
Ti et ceux qui apparaissent ensuite au niveau des inclusions secondaires de carbures de fer. Les
éprouvettes avec un taux de triaxialité élevé (éprouvettes CT et NT les plus séveres) montrent un taux
de nucléation et de croissance importants des inclusions primaires alors que les éprouvettes lisses ST
et les éprouvettes entaillées les moins séveres révelent la présence de la seconde population. Un faible
effet de direction de chargement ou de la pré-déformation est observé.

IV.1 Introduction

Demand for development of natural resources becomes strong as consumption of energy is increasing
around the world. Natural gas is the cleanest of all fossil fuels. Generally, gas is transported from the
product to consumer area by pipeline. Application of higher strength steel line pipes leads to many
benefits in a gas pipeline project, such as lower amount of steel required, lower transportation cost and
lower laying cost. X90, X100 and X120 high grade steel lines pipes were standardized as ISO3183
and API 5L. X100 and X120 steel has been already made for small-scale laying tests and operational
trails [Asahi et al. 2009].

Generally, line pipes have been required to have high ductile crack initiation and tearing resistance
for prevention of ductile running failure along the longitudinal direction of the pipe body by an
accident during operation. Thus pipeline material standards recommend the use of Charpy impact and
drop weight tearing tests, in order to evaluate fracture toughness of line pipes. The toughness value
obtained from such small-scale tests correlates with full-scale pipe burst test result on lower grade
steel line pipes [Maxey 1981, Wiedenhoff et al. 1984, Civallero et al. 1981], whereas the correlation
no longer holds for high grade line pipes such as X100 and X120 [Makino et al. 2008].

In addition, high strength line pipes subjected to environmental loads from offshore ice,
discontinuous permafrost and seismic activity have been recently required to be able to exhibit plastic
strain capacity in strain-based design [Lillig 2008]. In the design, tensile strain limit should be
considered for welded line pipes. Defects are, generally speaking, embedded in a girth weld portion
including weld metal (WM) and heat-affected zone(HAZ) of a pipe. Weld material is required to over-
match in order to prevent ductile failure from the initial defects in the WM. On the other hand, ductile
crack propagates from initial crack located in the HAZ into the pipe body. Crack tearing is affected
by the overmaching level and yield to tensile ratio of the pipe material. Small-scale fracture tests such
as compact tension (CT), single-edge notched bend (SENB) and single-edge notched tension (SENT)
are used to evaluate the ductile crack initiation and tearing resistance. There still remain problems
in prediction of the tensile strain limit for a full-scale pipe structure, using fracture toughness values
obtained by the small-scale tests.

As described above, the transferability of toughness between small test specimens and larger
structure is an important issue in assessment of pipeline structure integrity. Thus it is necessary to use
a validated model linking ductile fracture micromechanisms to full-scale component behavior.

Mechanical tensile properties of a high strength steel line pipe have been revealed in the previous
works [Tsuru et al. 2008, Shinohara et al. 2008]. A high strength line pipe has anisotropic hardening;
the stress-strain curve is quite different between the longitudinal direction and the circumferential
direction. The anisotropy of the high strength pipe is due to crystallographic texture of the mother
plate that is sharpened through thermo-mechanical control process (TMCP) in a heavy plate mill.
The anisotropic hardening is further enhanced during a pipe forming process because plastic strain
is introduced to the pipe. It is also important to note that whereas the material has a very high yield
stress, its hardening capability is limited. This causes for instance early necking during tensile tests.
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The uniform elongation is between 6 and 8% for the mother plate but tends to decrease after UOE
forming as this process involves plastic (pre)straining of the material.

Some experimental tests and numerical analysis have been conducted for prestrain effect on
ductile fracture [Sivaprasad et al. 2000, Enami 2005, Baek et al. 2010]. In HSLA steels, ductile
fracture toughness remained invariant up to 2% prestrain, whereas the toughness was deteriorated with
prestrain beyond 2% [Sivaprasad et al. 2000]. In the case of conventional structural steel, compressive
prestrain up to 30% leaded to cleavage cracking and reduced ductility significantly [Enami 2005]. In
API 5L X65 line pipes, prestrain up to 5% had little effect on decreasing ductile fracture toughness of
specimens loaded along the longitudinal direction while Charpy impact energy along the transverse
direction considerably decreased with increasing the prestrain level [Baek et al. 2010].

In this study a grade X100 line pipe steels was tested in the as-received state and in several
prestrained states (2, 4 and 6%) to evaluate the effect of prestrain on both ductility and toughness.
Test specimens include tensile tests on smooth and notched bars and tests on precracked specimens
(CT, SENB and SENT).

IV.2 Material and experimental procedure

The used material is a high strength steel plate with a 16 mm thickness which is used to manufacture
line pipes produced in a commercial heavy plate mill. The chemical composition is shown in
Tab. IV.1. The plate was made through TMCP and accelerated cooling process in the mill. The
material has a dual phase microstructure consisting of fine polygonal ferrite and bainite structure as
shown in Fig. IV.1.

Table IV.1 : Chemical composition of the used steel (weight %).

C Si Mn P S Ti N
0.051 0.20 195 0.007 0.0015 0.012 0.004
Others: Ni, Cr, Cu, Nb.

220

m

Figure IV.1 : SEM image of the steel plate used in this study (Nital etching).

The steel has anisotropic mechanical properties due to development of a specific crystallographic
texture by TMCP ; hence it it important to keep track of the material principal axes. In the following,
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the longitudinal direction, which is corresponding to the rolling direction, is referred to as L; the
transverse direction is referred to as T, the diagonal direction in the L—T plane is referred to as D
and the short transverse (thickness) direction is referred to as S.

Prestrain tests were first conducted, using a 4000 kN tensile testing machine. Large flat tensile
specimens (see Fig. IV.2) were machined so that a 200mmx 100mm zone, where applied strain is
uniform, could be produced at the center of the specimen. Strain gauges were glued on the surface of
tested specimens to check the actual prestrain level. The level of prestraining was up to 6%. Prestrain
was performed along the T direction which corresponds to the main deformation direction during pipe
forming.

, 400 .
\ v

110
150

—"r =20 A
700

Figure IV.2 : Large tensile specimen for prestraining (dimension in mm). The gray area indicates the
zone where prestrain is homogeneous.

A comprehensive characterisation of the mechanical properties of the steel was conducted along
three different directions (L, T and D) using several types of tensile test specimens. The used
geometries are presented in Fig. IV.3. All tests were performed at room temperature on a servo-
hydraulic testing machine for the as-received and prestrained materials. Test specimens include
smooth tensile bars (ST), axisymmetric notched bars with various notch radii (NT, ) and plane strain
specimens (PE). Notched bars, which are often used to characterize rupture (see e.g. [Mackenzie et al.
1977]), are employed in this study as they allow to induce stresses in directions perpendicular to the
main loading direction (in particular along the S direction) and consequently allow to test multi-axial
stress states using a simple experimental setup. In addition notched bars allow to reach high levels of
deformation so that the hardening behaviour is determined over a wide range of plastic strain. This is
an alternative to the sole use of tensile bars which then need to be analysed beyond necking to reach
high deformation levels [Mirone 2004, Zhang et al. 1999].

In the case of ST specimens, strain was measured using an extensometer with an initial gauge
length of Ly = 9 mm. AL denotes the gauge length variation. The imposed strain rate was:
AL/ Ly = 5.107* s 1. In the case of ST and NT, specimens the diameter reduction (A®g) in the
minimum cross section was measured along the S direction along which deformation is maximum.
For PE specimens, thickness reduction (Ae) was measured at the center of the specimen. For both
NT, and PE specimens the machine cross-head speed was selected so as to obtain a measured strain
rate approximately of 5.10~% s~!. In the following F' denotes the force, Sy the initial specimen
minimum cross section, ®g the initial specimen minimum diameter and eg the initial PE specimen
thickness.

For determination of ductile tearing resistance of the steel, three types of specimens, such as
compact tensile (CT), single-edge notch bend (SENB) and single-edge notch tensile (SENT), were
used. Their geometry was shown in Fig. IV.4. In all specimens, the thickness, B was 12.5 mm. CT
and SENB specimens were pre-cracked in fatigue so that a total initial crack length of all specimens
could be between 0.51W and 0.62W. An initial crack of a SENT specimen was made by electron
discharged machining without fatigue pre-cracking (the final notch radius is about 100 pm).

The J—Aa resistance curve was determined using multi-specimen technique in accordance with

46



CHAPTER IV. PRESTRAIN EFFECT ON DUCTILITY AND TOUGHNESS IN A HIGH STRENGTH LINE PIPE STEEL

[—13.2— [—13.2— [—13.2—

24 =6~

— & — —

7~

Mo
b
/

56
30
B
I
<o
&
69
1
T
69
eI =
69
[ 90 = U
60
l— Q —
N—
ré A

E_ | —r
PP—

< 10.8 1 [~ 10.8 1 [~ 10.8

ST NT4 NT, NT, PE

Figure IV.3 : Test specimens: smooth tensile bar, axisymmetric notched bars, and plane strain
specimens (the gray line indicates the plane strain direction).

ASTM-1820 [ASTM 2006] for as received and prestrained materials. The fracture toughness test was
conducted under displacement control at ambient temperature. The displacement rate was 1 mm/min.
Force and displacement were simultaneously recorded during the test, in order to calculate J as
follows:

J=Ja+ Iy (Iv.1)

where: J,; = elastic component of J, and J,,; = plastic component of J. J.; can be calculated from
the following equation:

K?(1 —v?
Jop = (E) av.2)
where: K = stress-intensity factor with a = ag. Jp; can be calculated from the following equation:
nApl
J, = ——2 Iv.3

where: A, = plastic area under the load versus load-line displacement and = 1.9 for SENB
specimens, 2+0.522(W —a) /W for CT specimens, 1.0398 —0.687(W —a)/W for SENT specimens.
Values for parameter 1 were obtained from [ASTM 2006] for CT and SENB specimens. The formula
proposed by Cravero and Ruggieri [2007] was used in the case of SENT specimens. The ductile crack
extension, Aa, was directly determined on a fracture surface of the tested specimens, which were
broken at liquid nitrogen temperature after unloading, by means of the 9-point averaging method

IV.3 Experimental results

IV.3.1 Tensile tests

Nominal stress-strain curves of smooth bar tests loaded along different directions are shown in
Fig. IV.5 for the as-received and prestrained materials. Curves are plotted up to the ultimate stress
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Figure IV.4 : Fracture mechanics testing: (a) compact tension (CT); (b) single-edge notched bend
(SENB); (c) single-edge notched tension (SENT) specimens (all dimensions in mm).

point, which corresponds with the onset of necking. Flow stress in all directions increases with
increasing prestrain level. Prestraining causes immediate appearance of necking in the T direction
when prestrain levels is over 4%. The prestrained material has no longer hardening capability along
the T direction. Some hardening capability is retained along L and D loading directions for all
prestrain levels. These effects have been explained by the presence of kinematic hardening [Shinohara
et al. 2010]. In addition, plastic deformation of the initially circular cross section depends on the
loading direction. A fracture surface of the smooth tensile bar specimens is shown in Fig. IV.5. The
photograph indicates plastic anisotropy in L and T directions. In that case plastic deformation is larger
along the S direction. Plastic deformation appears as being isotropic in the case of D loading.

Fig. IV.6 shows force-diameter reduction for the various notched bar specimens in the L and
T directions for the as-received and prestrained materials. Diameter reduction is measured along the
S direction. In all types of notched bar specimens, the ultimate stress increases with the prestrain
level. A sharp load drop point, which corresponds to the onset of a macroscopic crack at the center
of a specimen, is observed. The critical diameter reduction at which the drop point is observed is
referred to as A®g|,. The corresponding critical strain is defined as:

o A<I>,S'|c

E
c B,

av.4)
For a given prestrain level, E. decreases with increasing notch severity. This corresponds to the
well known effect of stress triaxiality (which increases with notch severity) on ductile damage
development. For a given specimen type, the maximum load increases with increasing prestrain
level due to work hardening. The critical strain at the onset of fracture, E., decreases with increasing
prestrain.

Nominal stress-strain curves of plane strain specimens for the as-received and 6% prestrained
materials are shown in Fig. IV.7. Flow stress in T loading direction is higher than in L direction.
Prestrain causes flow stress higher and deteriorates work hardening in both loading directions.

Ductility for all types of tensile specimens is illustrated in Fig. IV.8. Ductility is characterized by
the fracture area reduction, Z, which is defined as:

_ Ag— AR

VA A

Iv.s)

where A is the initial cross-section area and A the cross-section area at the fracture of the tested
specimen. Ductility decreases with increasing notch severity; the reduction area of ST specimens is
maximum whereas that of NT; specimen is minimum. The value is linearly decreasing by prestrain
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Figure IV.5 : Nominal stress (F'/Sp) as a function of strain for T, L and D loading directions for the
different prestrain levels.

level in all test cases. It is observed that Z is approximately reduced by the prestrain level 62 so that
one gets:

Z(e)) = Z(0) — ¢ (IV.6)

In addition, Z is slightly higher in L loading direction than in T loading one showing that the material
has an anisotropic ductility.

Effect of prestrain on ductile crack initiation behavior is shown in Fig. IV.9. The relative diameter
reduction at crack initiation, F, is plotted for notched specimens as a function of the prestrain level.
FE. decreases with increasing notch severity; the value is maximum in NT4 and minimum in NT;
specimen. It also depends on the loading direction; it is much higher in L loading direction than T
direction. F is also lowered by prestrain. Dashed lines in Fig. IV.9 indicate a linear drop of the crack
initiation strain against the prestrain level. E,. can be approximated as:

Ec(e)) = E.(0) — &) Iv.7)

This trend is well observed for NT4 specimens whereas some deviation is observed for NT; and NT»
specimens.
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Figure IV.6 : Force-diameter reduction curves in notched bar tests of as-received and prestrained

steels
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Figure IV.9 : Prestrain effect on the critical load drop point F,.

51



IvV.3. EXPERIMENTAL RESULTS

IV.3.2 Fracture toughness tests

Effect of prestrain on ductile crack growth resistance is investigated using CT specimens. The J-
integral values against crack advance, Aa for the as-received and various prestrained materials are
shown in Fig. IV.10. Toughness anisotropy is obvious. The J-integral value is higher for the L-T
configuration than T-L one !. Prestrain significantly deteriorates the value for both configurations.
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Figure IV.10 : J—Aa resistance curves of all materials for CT specimens for T-L and L-T loadings.

Fig. IV.11 shows comparison of the J—Aa relation between CT and SENB specimens for the
as-received and 6% materials. The toughness is slightly higher in SENB tests than CT tests. Rupture

anisotropy is still marked.

2000

1500

1000

J (kJ/m?)

500

0.0 0.5

1

.0 1.5 2.
Aa (mm)

0 2.5

2000

1500

1000

J (kJ/m?)

500

B SENB 0% ¢ ]
SENB 6% 4
CT 0% -----
| | CT 6%
0.0 0.5 1.0 1.5 2.0 2.5
Aa (mm)

Figure IV.11 : J—Aa resistance curves for SENB specimens for L-T and T-L configurations and

comparison with results for CT specimens.

In the case of SENT tests, results exhibit a much fracture toughness as shown in Fig. IV.12.
Rupture anisotropy still exists but is less pronounced than in the case of CT or SENB specimens. The
effect of pre-strain of also reduced (note that results were obtained for the T-L configuration only).

'In the L-T (resp. T-L) configuration, the specimen is loaded along the L (resp. T) direction whereas the crack

propagates along the T direction (resp. L).
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Figure IV.12 : J—Aa resistance curves for SENT specimens for L-T and T-L configurations and
comparison with results for CT specimens.

Fig. IV.13 gathers values of .J at crack initiation (Jp) obtained using a linear regression of the
J—Aa curves (see e.g. fig. IV.12) for the various specimens geometries (CT, SENB and SENT) and
both loading configurations (L-T and T-L) for the as received material. It is shows that Jy hardly
depends on the specimen geometry and is weakly affected by the loading configuration. The tearing
resistance 0.J/9(Aa) strongly depends on both the specimen geometry and the loading configuration.
Its value is maximum in SENT tests and minimum in CT tests. 0.J/0(Aa) is also higher in the L-T
configuration than the T-L one.

Fig. IV.14 shows the prestrain effect on Jy and 0.J/0(Aa) of CT tests. Jy is deteriorated by the
prestraining for the both configurations, while the reduction of 9.J/0(Aa) by the prestrain is very
small. Opposite trends seem to be observed for SENT specimens ; note, however, that the number of
tests is very limited in that case.
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Figure IV.13 : comparison of J-integral value at crack initiation and crack advance ratio among CT,
SENB and SENT tests (as-received material).
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resistance 0.J/0(Aa) (CT and SENT test).
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IV.3.3 Fractographic examination

Fracture surfaces of all tested specimens (ST NT and C(T)) are observed using scanning electron
microscopy (SEM). In smooth and notched bar tensile specimens, macroscopic fracture surfaces
present a cup-cone fracture pattern. The center of the fracture surfaces is closely observed as it
corresponds to the location of ductile crack initiation.

Fig. IV.15 shows SEM micrographs of fracture surfaces of tensile specimens for the as-received
material loaded along L-direction. In case of ST and NTy4 specimens, two populations of dimples are
found: (i) large dimples (about 20 pm) mainly initiated at Ti-oxides, (ii) small dimples (about 1 pm)
probably initiated at iron carbides. Large and small dimples are referred to as primary and secondary
ones, respectively. On NTy and NT; specimens, the amount of the primary dimples is increased. This
indicates that the primary voids first nucleate and grow under high triaxiality stress state. When stress
triaxiality is relatively low (i.e. ST and NT,), void growth is not as fast and plastic strain reaches the
level necessary to nucleate the secondary voids so that both populations are observed on the fracture
surfaces.

Figure IV.15 : Fracture surfaces of ST NT4 NTj and NT; specimens (tested along the L direction)

As shown in fig. IV.16, primary void size (NT; specimens) is slightly larger in the T loading
direction than the L one, while prestrain has no significant effect the void size. This result
indicates that the primary void growth and coalescence could be dependent on loading direction,
but independent on tensile prestrain level applied in this study.

Secondary void appearance is similar for the as-received and 6% prestrained materials loaded in
both directions, as demonstrated in fig. IV.17 in the case of NT,4 specimens.
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Figure IV.16 : Fracture surfaces of NT; specimens for the as-received and 6% prestrained materials

Fig. IV.18 shows fracture surfaces of C(T) specimens for the as-received and 6% prestrained
materials. The fracture surface consists mainly in primary voids for all tested specimens. These
photographs indicate that the main damage mechanism in C(T) tests is primary void growth and
coalescence as in the severely notched tensile bar tests such as NT; and NTs. Also, the primary
dimple size is hardly changed by prestrain.
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Figure IV.17 : Fracture surfaces of NT,4 specimens for the as-received and 6% prestrained materials
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Figure IV.18 : Fracture surfaces of C(T) specimens for the as-received and 6% prestrained materials
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IV.4 Conclusions

In this study, tensile tests via smooth and notched axisymmetric bars with different notch radii and
plane strain specimens have been performed along different loading directions for as-received and
prestrained materials, in order to investigate both anisotropic ductility and the prestrain effect for API
grade X100 steel.

The critical strain at the onset of failure in the notched bar specimens was evaluated. The value
was affected by loading-direction. The critical value was higher in L loading direction than T loading
direction. Furthermore, the critical value was deteriorated by prestraining. The value was reduced by
the prestrain level in the NT, specimen, while some deviation is observed for the other specimens.
Ductility, which is characterized by the fracture area reduction in all tensile specimens, was evaluated.
The value linearly decreased by the prestrain level in all types of tensile tests.

Three kinds of fracture toughness specimens (CT, SENB and SENT) were also used to evaluate
the effect of prestraining on toughness of the API X100 steel. In the received state, the crack initiation
was independent of the specimen geometry and the loading direction. On the other hand, the crack
advance tearing resistance was strongly affected by the specimen geometry and the loading direction.
The resistance for the L-T configuration was higher than for the T-L. one. Value were lowest for
CT specimens and highest of SENT specimens. Prestrain deteriorated crack initiation and had small
effect on the tearing resistance in CT and SENB tests.
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V.1. INTRODUCTION

1 !. Résumé en francais :

Le chapitre 5 traite du modele d’endommagement anisotrope établi pour représenter 1’ anisotropie
du matériau. Le modele de type Gurson-Tvergaard-Needlman, couplant le comportement et
I’endommagement, a été étendu pour tenir compte de I’anisotropie ; ainsi :

e la plasticité anisotrope est introduite en utilisant la contrainte équivalente sE définie par le
modele de [Bron and Besson 2004] (cette contrainte remplace la contrainte de von Mises dans
le modele originel) ;

e la contrainte effective calculée de maniere implicite est fonction a la fois de I’état de
I’endommagement et de la contrainte macroscopique (supposée anisotrope au sens du modele
de Bron et Besson) ;

e la contrainte hydrostatique est remplacée par une moyenne pondérée des composantes de la
trace du tenseur de contrainte anisotrope pour rendre compte de I’endommagement de facon
phénoménologique.

Deux méthodologies sont abordées et discutées pour identifier les parametres du modele : calculs
de cellules en utilisant le modele de plasticité anisotrope sans couplage et identification sur la base des
essais sur éprouvettes entaillées en utilisant le modele d’endommagement couplé au comportement.

Les calculs de cellules montrent que la croissance des cavités peut étre considérée comme
« isotrope » en utilisant un taux de triaxialité des contraintes 7 basé sur la contrainte équivalente o g
au sens de Bron (%akk /o) contrairement a la définition standard (%akk /0eq) basée sur la contrainte
de von Mises. Par conséquence, le modele couplé identifié sur la base des calculs de cellule ne
permet pas de reproduire 1’anisotropie de rupture. Les analyses micro-structurales n’ont pas révélé de
distribution anisotrope des inclusions qui pourraient expliquer cette anisotropie de rupture effective
(notons que la fraction volumique est tres faible donc difficilement détectable).

Les parametres d’endommagement, identifiés sur la base des essais de traction entaillée NT,
permettent de rendre compte de 1’anisotropie de rupture. La validation du modele est alors réalisée de
maniére concluante par la simulation des courbes J-Aa des éprouvettes fissurées CT et SENB. Les
deux directions de chargement (L-T et T-L) montrent que le mécanisme d’endommagement est bien
capturé et identique dans les deux cas.

V.1 Introduction

The worldwide increasing consumption of energy has led to the demand for development of natural
resources such as oil and gas in remote locations. Economic studies have shown that development of
oil and gas transportation over long distances requires the use of high grade steels whose mechanical
properties allow to substantially increase the internal pressure for a given pipe thickness. Research
has been focused of the development of new API grades such as X80, X100 or X120 [Graf et al.
2004]. The impurity content (mainly S and P) in these new materials is very low so that they have a
low inclusion content and consequently a high ductility [Rivalin et al. 2000b]. In order to obtain high
strength, these materials are produced using complex Thermo-Mechanical-Control-Processing which
introduces preferred orientations within the steel and leads to anisotropic plastic properties in higher
grades [Rivalin et al. 2000a, Tanguy et al. 2008, Shinohara et al. 2010, Treinen et al. 2008]. Rupture
properties may also be anisotropic [Benzerga et al. 2004a].

Fully understanding and describing the material behavior is needed to produce safe and cost-
effective pipelines. The anisotropic plastic behavior can be described by well established models such
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as the Hill quadratic yield function [Hill 1950, Liu and Wang 2007]. However the simple Hill model
does not allow to simultaneously describe yield stress anisotropy and Lankford coefficients so that
more sophisticated models must be used [Barlat et al. 1991; 2005, Karafillis and Boyce 1993, Bron
and Besson 2004]. These models can be extended to account for kinematic hardening [Vladimirov
et al. 2010, Shinohara et al. 2010, Laurent et al. 2009]. Such an extension is needed in cases of non
proportional loading such as UOE forming ! or reeling-unreeling operations. Ductile damage is very
often represented using models derived from the work by Gurson [1977] (see reviews in [Tvergaard
1990, Benzerga and Leblond 2010, Besson 2010]). They can be coupled with models for plastic
anisotropy using the Hill criterion [Rivalin et al. 2000a, Brunet et al. 2005, Benzerga et al. 2004b,
Ben Bettaieb et al. 2011] and also more advanced models as in [Bron and Besson 2006, Tanguy et al.
2008, Morgeneyer et al. 2009].

The purpose of the work is to study the interaction between anisotropic plasticity and ductile
damage in the case of a grade X100 line pipe steel. Experiments including tests on tensile bars,
notched bars, plane strain specimens, CT and SENB pre-cracked specimens were carried out.
Plasticity is described using the model proposed by Bron and Besson [2004]. This model is coupled
with a Gurson-like model for ductile damage which has been modified to account for plastic
anisotropy and ductility anisotropy based on a phenomenological basis. The model is either tuned
on unit cell simulations or directly on experimental results using notched bars. The tuned model is
applied to simulate crack extension on CT and SENB specimens.

V.2 Material and testing procedures

V.2.1 Material

The material of this study is an experimental X100 grade high strength steel. It was supplied as
a 16 mm thick plate by Nippon Steel Corp. This class of steel is used to manufacture pipelines.
Compared to a pipe, which is usually produced by UOE forming, the plate can be considered as
being in an unprestrained state. The nominal chemical composition is given in Tab. V.1. The plate
was produced using thermo-mechanical controlled rolling and accelerated cooling (TMCP process).
The resulting microstructure is mainly a dual phase structure consisting of fine polygonal ferrite and
bainite (Fig. V.1).

Due to material processing, the plate has an anisotropic plastic behaviour [Tanguy et al. 2008]
so that it is important to keep track of the material principal axes. In the following the longitudinal
direction corresponding to the rolling direction is referred to as L; the transverse direction is referred
to as T and the short transverse (thickness) direction is referred to as S. D stands for the diagonal
direction (45 between direction L and T in the sheet plane). Note that grade X100 (i.e. a yield
strength equal to 690 MPa along the T direction) is only reached in the pipe due to plastic straining
during UOE forming operations.

Table V.1 : Nominal chemical composition (weight %).

C Si Mn P S Ti N
0.051 020 195 0.007 0.0015 0.012 0.004
Other minor alloying elements: Ni, Cr, Cu, Nb.

"UOE forming is a manufacturing process where the plate material is first deformed into an U-shape then an O-shape.
The pipe seam is then welded. The pipe is finally Expanded using an internal mandrel. To achieve low ovality, the pipe is
typically expanded by 0.8-1.3% from its diameter after the O-step [Herynk et al. 2007].
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Figure V.1 : Plate microstructure consisting of fine polygonal ferrite and bainite (Nital etching, SEM
observation).

V.2.2 Testing procedures

A comprehensive characterisation of the mechanical properties of the material was carried out along
the different material directions using several specimen geometries to investigate both plastic and
rupture properties. All tests were conducted at room temperature on a servo-hydraulic testing
machine.

Smooth round tensile bars (ST, see Fig. V.2) are used to determine the hardening behaviour along
L, T and D directions. Strain rate equal to 5. 10~*s~! is kept constant during the test. An extensometer
is used to measure elongation. Diameter reduction across the S direction is also measured to obtain
the Lankford coefficients. The S direction was carefully tracked during machining of specimens. The
Lankford coefficient is defined as follows: R|| = ¢ /es where || corresponds to the loading direction
and L to the direction perpendicular to both the loading and S directions. & corresponds to the true
strain. € is computed assuming plastic incompressibility. Additional tests were conducted along the
T direction at different strain rates (5. 1073s~! and 5. 1072 s~1) to characterize strain rate sensitivity.

Axisymmetric notched tensile bars (NT,, see Fig. V.2) are used to characterise both plastic
behaviour and damage growth. Tests are performed for L and T directions. Different notch radii
are used to modify stress state and in particular the stress triaxiality ratio inside the specimens. Radii
equal to 0.6, 1.2 and 2.4 mm are used corresponding to specimens NT;, NT9 and NTy, respectively.
The axial elongation as well as the minimum diameter variation along the S direction, A®g, are
continuously measured. The mean strain rate computed from the diameter variation is controlled and
fixed to 5. 10~ s~

Wide and relatively thin specimens are used to generate plane strain (PE) conditions. The plane
strain direction corresponds to the width of the specimen (see arrow in Fig. V.2) as deformation along
this direction is constrained by the thicker lower and upper parts. Tests were carried out in the L. and
T main loading directions. An extensometer is used to measure the thickness reduction at the center
of the specimen. Once again the displacement rate was chosen as that the strain rate at the centre of
the specimen is about 5. 10~4s 1.

Three tests were performed for each condition with very limited scatter. In the following, only
one experimental curve is shown for each test condition; it corresponds to the experimental curve
being the curve closest to the “average” response.

Crack growth resistance was investigated using compact tension (CT) and Single Edge Notch
Bend (SENB) specimens according to ASTM-1820. CT specimens have a total thickness B =
12.5 mm and a width W = 2B = 25 mm. SENB specimens have a total thickness B = 12.5 mm and
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Figure V.2 : Samples for mechanical testing (dimensions in mm): smooth tensile bars (ST), notched
tensile bars with different notch radii (NT4, NTg and NT;) and plane strain specimens (PE). The gray
arrow indicates the plane strain direction. PE conditions are met at the centre of the specimen .

awidth W = 2B = 25 mm ; the span is S = 4W = 100 mm. Specimens were fatigue-precracked
in order to obtain an initial crack length ag between to 0.55 and 0.60W for CT and close to 0.5 for
SENB specimens. Specimens do not have side grooves. The J—Aa resistance curve was determined
using the multi-specimen technique in accordance with ASTM-1820. The plastic work (Ap;) was
computed using the load line displacement. The corresponding J integral was computed as:

nApl

J=lh+Jo=—"—"—
¥ B(W — ao)

+ Je V.1)
where J, is the elastic part of the J integral. All quantities (in particular n and J.) were computed
for the initial crack length. In the present case J. < J, as the material is very ductile. Ductile
crack extension was determined from direct measurements of crack advance of specimens which
were broken at liquid nitrogen temperature after unloading. To investigate fracture anisotropy two
loading configurations were studied: L-T and T-L. For the L-T (resp. T-L) configuration, load is
applied in the L (resp. T) direction and crack extends in the T (resp. L) direction.

In the following F' denotes the applied force, Sy the initial minimum cross section, ®g the
initial diameter of the minimum cross section, A®g the diameter reduction along the S direction,
Lo the initial gauge length (tensile specimens), AL the gauge length increase, eq the initial specimen
thickness (plane strain specimens) and Ae the thickness reduction.

V.3 Results

V.3.1 Anisotropic plastic behavior

Fig. V.3-a shows the nominal stress (F'/Sp) as a function of the nominal strain (AL /L) for different
loading directions for smooth tensile bar tests. Flow stress depends on the loading direction: it
is the highest for loading along the T direction and the lowest for loading along the D direction.
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It is noticeable that the yield stress along the T direction corresponding to grade X100 (dashed
line on Fig. V.3-a) is only reached after 2% deformation. In practice, this is achieved during pipe
forming [Shinohara et al. 2010, Herynk et al. 2007]. Similar results are obtained in the case of plane
strain specimens as shown on Fig. V.3-b where the nominal stress is plotted as a function of the
thickness reduction (Ae/ep). In that case, the flow stress along the T direction is higher than along
the L direction.
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Figure V.3 : (a) Tensile tests: nominal stress—nominal strain curves for T, L and D directions. The
dashed lines indicate the yield stress required for grade X100 along the T direction. (b) Plane strain
tests : nominal stress—nominal thickness strain for T and L directions. Symbols (m) show the results
of the elasto-plastic (i.e. without considering damage) simulations using the model presented in
section V.4.1.

Plastic flow behavior also depends on the loading direction as shown in Fig. V.4-a where the
diameter reduction along the S direction, A®g /P, is plotted as a function of the elongation AL/ L.
In L and T loading, plastic anisotropy is obvious. Deformation along the S direction is larger than in
the isotropic case so that initially round cross sections deform into ellipses (see e.g. [Tanguy et al.
2008]). On the other hand, D loading leads to an “isotropic” diameter reduction. These observations
are also well corroborated by the examination of the fracture surfaces (see Fig. V.4-b) which have
an elliptical shape, with a higher deformation along the S direction, in the case of L and T loading
whereas they remain circular in the case of D loading.

V.3.2 Anisotropic ductility

The area reduction at failure Z is plotted for the different specimen types on Fig. V.5 for L and
T loading indicating that in all cases ductility is slightly lower for T loading. As expected, ductility
decreases with specimen severity (see [Mackenzie et al. 1977] and [Tanguy et al. 2008] on a similar
material).

Fig. V.6 shows the experimental force—diameter reduction curves for notched bars tested in T and
L directions. Curves present a sharp load drop which corresponds to the initiation of a macroscopic
crack at the centre of the specimens. For a given specimen type, load is higher in the case of T loading
due to plastic anisotropy. The sharp load drop occurs for lower diameter reductions (A®g/P) for
these specimens ; this indicates a lower ductility along the T direction in agreement with results
regarding the area reduction at failure (Fig. V.5).
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Figure V.4 : (a) Diameter reduction along the S direction as a function of elongation for L,T
and D loading directions. The isotropic case (dots) corresponds to the equation: Adg/®y =
(1+AL/ Lo)fé — 1. (b) Macroscopic fracture surfaces of ST specimens loaded along the different
directions. The arrow indicates the S direction. Symbols (m) show the results of the elasto-plastic (i.e.
without considering damage) simulations using the model presented in section V.4.1.

V.3.3 Anisotropic crack growth resistance

Fig. V.7 shows the crack extension resistance curves (J—Aa) for CT (Fig. V.7-a) and SENB (Fig. V.7-
b) specimens tested under both T-L and L-T configurations. In the case of CT specimens, it is
observed that crack growth resistance is higher in the case of L-T loading compared to T-L loading.
This is also the case for SENB specimens. J values for SENB specimens are slightly higher that for
CT specimens.

V.3.4 Fractographic examination

Fracture surfaces were examined using scanning electron microscopy (SEM). Fig. V.8 shows
SEM photographs for the fracture surface of NT; specimens tested along the L and T directions.
Photographs were taken at the center of the specimens where ductile cracks were initiated. Fracture
surfaces mainly consist of relatively large primary dimples. Smaller dimples can also be seen; their
amount increases as the notch severity (and consequently the stress triaxiality ratio) is decreased as
already observed in [Tanguy et al. 2008]. Smaller dimples are initiated on iron carbides (FezC). No
significant difference could be found between both fracture surfaces. Similar conclusions were drawn
from the examination of CT and SENB specimens.

Fig. V.9 shows the fracture surface of a preloaded NT; specimen which was subsequently broken
in liquid nitrogen to prevent any further plastic deformation. The fracture surface exhibits numerous
dimples in which spherical inclusions (mainly CaS or TiOs) acting as void nucleation sites can be
found. The volume fraction of inclusions was measured using image analysis and is equal to 2. 10™%.

The present SEM investigation of the fracture surfaces did not evidence any clear origin for
the anisotropic fracture behaviour. Polished cross sections were also examined to characterize
inclusion/cavity spacing along different direction as anisotropic spacing may lead to anisotropic void
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Figure V.5 : Area reduction at failure for the various specimen types for the different loading
directions.

coalescence and consequently to anisotropic rupture properties [Thomason 1985a;b, Pardoen and
Hutchinson 2003]. Examinations could not clearly evidence spacing anisotropic ; this could be due
to the very low inclusion content which makes measurements difficult.

V.4 Model for anisotropic plasticity and ductile damage

V.4.1 Anisotropic plasticity

Due to the high plastic anisotropy of the material under investigation an appropriate model must
be used to evaluate strains and stresses leading to fracture of tested specimens. The model used in
this study to describe plastic anisotropy was initially developed by Bron and Besson [2004]. It is a
generalization of previously published models [Karafillis and Boyce 1993, Barlat et al. 1991]. The
model is briefly recalled here.

An anisotropic scalar stress measure, o, is defined as a weighted average of N anisotropic scalar
stress measures o g;:

N 1/a
O = (Z Odk(f%k> (VZ)
k=1

with >, o = 1 and o, > 0, Vk. In the following, two anisotropic scalar stress measures (N = 2)
are used to define o as in [Bron and Besson 2004, Tanguy et al. 2008]. One first defines two modified
stress deviators:

sp=Ly:o (V.3)

where the fourth order tensor Ly, is expressed using Voigt notations as:

3(cfp, + k) —3¢8s 31, o 0 0
—3¢ks 5(cks + ) — 5%y o 0 0
1k 1k 1/ k k
L — —3CLL —3CTT slepptey) 0 0 0 (V)
= 0 0 0 0 0
0 0 0 0 cfg 0
0 0 0 0 0 ckp
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Figure V.6 : Comparison of experimental force—diameter reduction curves for notched specimens
tested in the L and T directions. Symbols (m) show the results of the elasto-plastic (i.e. without
considering damage) simulations using the model presented in section V.4.1.

The eigenvalues of s are then computed: .S ,1 > S,% > S ,Z’ o g1 1s then computed as:
1 1/by
om = (2 (187 - st + |57 — st + 151 - S%!”l)) (V.5)

and o> as:
3b2 1/b2
_ 1(b 21b 31b
762 = g (1S3 + 131 + 153 v
The yield surface is finally expressed as
¢»=o0p— R(p) V.7

where R(p) represents the flow stress expressed as a function of the effective cumulated plastic strain
p. In this work it is expressed as:

R(p) = Ro (1 + q1(1 — exp(—Fk1p)) + q2(1 — exp(—kap))) (V.8)

The plastic strain rate tensor, £, is obtained assuming the normality rule so that: £, = pd¢/Jo.
p is such that: €, : 0 = pog. Considering that the material is slightly strain rate dependent, p is
expressed using a simple Norton flow rule as:

p=¢éo(p/o0)" (V.9)

Model parameters that need to be adjusted are therefore a; (g = 1 — 1), c}'€ (k = 1,2 and
1 = TT...ST), a, by and by. In the following the model was simplified assuming a = b; = ba.
The parameter adjustment is carried out according to previous work [Bron and Besson 2004]. A
cost function representing the difference between experimental results and simulations is constructed
and minimized with respect to the model parameters. Tensile tests along L, T and D directions as
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Figure V.7 : J—Aaq resistance curves for CT (a) and SENB (b) specimens for L-T and T-L loading
configurations (symbols: experiments, lines: trend).

well as all tests on notched bars with different minimum radii are considered when building the cost
function. In the case of tensile smooth bars, force-axial displacement curves are used together with
the relationship between axial and diameter displacement. In the case of notched bars, force-diameter
reduction curves are used. In both cases, diameter displacement is measured along S direction. The
large number fitting parameters allows to obtain a good fit in all cases. Comparisons of simulated
results (assuming no damage) are shown in Figs. V.3, V.4 and V.6 where simulations are indicated by
symbols (m). Adjusted material model parameters are shown in Tab. V.2.

V.4.2 Ductile damage

In addition to plastic anisotropy, the model to be developed to represent the material behavior must
account for ductile damage and rupture anisotropy. The model proposed by Morgeneyer et al.
[2009] is derived from the well accepted Gurson-Tvergaard-Needleman (GTN) model [Tvergaard and

Table V.2 : Material model parameters: anisotropic elasto-plastic behaviour.

Elastic properties E 210 GPa
v 0.3
Plastic hardening Ry, q1, k1 465 MPa, 0.42, 62.
q2, k2 0.78, 2.05
Anisotropic model a, « 8.84,0.71

il el ¢S 0.945,0.984, 0.872
il S, T 0.967, 1.148, 1.147
cd T Bt 55 1.638,0.428, 0.207
cal, e5S, ST 0.935,1.053, 1.417
Strain rate effect €0, 00, M 1s71, 55 MPa, 5
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L loading

Figure V.8 : Example of fracture surface observed at the center of NT; specimens tested along L and
T directions.

Needleman 1984, Needleman 1990] which is reformulated as in [Besson et al. 2001, Besson 2010] to
introduce an effective scalar stress measure, o, function of both ductile damage and the macroscopic
stress tensor o. Damage is represented by one single variable, f, corresponding to the void volume
fraction or porosity. The effective stress o is implicitly defined by the following equation:

o2 log

—£ 4 2q1 f. cosh (——) —1-¢f2=0 (V.10)
o 2 04

Plastic anisotropy is introduced using an anisotropic stress measure o g defined above (eq. V.2) instead
of the von Mises stress as in the original model. This solution has already been used by different
authors [Bron and Besson 2006, Tanguy et al. 2008, Morgeneyer et al. 2009].

Models have been proposed to explain anisotropic rupture properties based on the existence of
anisotropic cavities. They are based on the initial developments by Gologanu, Leblond and Devaux
for prolate and oblate cavities [Gologanu et al. 1993; 1994, Pardoen and Hutchinson 2000; 2003].
As cavities are assumed to be axisymmetric, the model needs to be adapted in order to be applied
to actual cases where the stress state is such that cavities do not remain axisymmetric [Benzerga
et al. 1999; 2004b]. This class of model was recently extended to the case of an anisotropic matrix
(Hill model) [Monchiet et al. 2006; 2008, Keralavarma and Benzerga 2008] but cavities are still
assumed to be axisymmetric. Following the work by Thomason [Thomason 1968; 1985b, Benzerga
et al. 1999, Pardoen and Hutchinson 2000, Gologanu et al. 2001], anisotropic ductile failure may
also be attributed to anisotropic coalescence caused by different void mean spacing along the three
material directions. This analysis of coalescence is usually coupled with the above mentioned models
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Figure V.9 : Spherical CaS inclusion (arrow) found at the origin of large primary dimples.

for anisotropic void growth. Models accounting for void shape and void orientation change have
also been proposed in the context of variational estimates [Kailasam et al. 2000, Danas and Ponte-
Castaneda 2009a;b].

Microstructural examinations of the investigated material could not evidence any initial
microstructure isotropy possibly related to rupture anisotropy such as initial inclusion/void shape or
mean spacing. Rupture anisotropy is introduced in the model replacing the trace of the stress tensor,
ok, by a weighted average, o, of the stresses along the sheet principal directions [Morgeneyer et al.
2009]:

OK = aTOTT + QLOLL + Qs0ss (V.11)

where ar 1, 5 are parameters that need to be adjusted. This formulation is inspired from the above
mentioned models for anisotropic void growth which introduce a weighted average of the stresses
along the material principal directions similar to eq. V.11 with two of the weighting factors being
equal due to void symmetry. This modelling strategy is indeed phenomenological but fully 3D
whereas micromechanically based model presented above are limited to 2D cases. Its numerical
implementation is straightforward so that the model could be an attractive alternative to the more
complex models described above.

Void coalescence and material point failure is represented using the f,. function introduced in
[Tvergaard and Needleman 1984]. It is expressed as:

ﬂ:{f if f < fe

fe+0(f — fo) otherwise (V.12)

where f. represents the critical porosity for which coalescence starts. § is an “accelerating” factor
which represents the increased softening effect of pores once coalescence has started. In the following
fixed values will be used with f. = 0.05 and 6 = 4.5. As f. is much larger than the initial porosity
fo, it has a small influence on the computed ductility and crack growth resistance. The value of § was
taken similar to the value used in [Tanguy et al. 2008].

The model is further developed writing the plastic yielding condition as [Besson 2010]:

¢=0.—R(p) =0 (V.13)
where R represents isotropic work hardening of the undamaged material. p is a measure of plastic
strain within the matrix material. Plastic flow is given by the normality rule as:

foler .00y

ép:(l—f)f)afaz(l_f)pag

(V.14)
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where €, is the plastic strain rate tensor. As ois a homogeneous function of degree one of ¢ one gets:
ép 1 0 = (1 — f)po, which expresses the equivalence of the macroscopic and the microscopic plastic
dissipations. p is still expressed using eq. V.9.

Evolution of damage (porosity) is controlled by void growth only, so that

[ = (1— f)trace (&) (V.15)

An additional term corresponding to void nucleation [Chu and Needleman 1980] was not used in this
study based on the fractographic examination which showed very limited secondary void nucleation
on iron carbides at least for specimens in which a high stress triaxiality prevails.

V.4.3 Simulation techniques

The proposed model was implemented in a general purpose object oriented finite element software
[Besson and Foerch 1997, Foerch et al. 1997]. Ductile rupture is always accompanied by large
deformations so that a finite-strain formalism must be used when implementing constitutive equations.
This was done using a generic formulation based on a reference frame which facilitates keeping the
standard small strain formulation and using an additive strain rate decomposition (i.e. € = €. + &
where ¢ is the strain rate tensor and €. the elastic strain rate tensor) [Sidoroff and Dogui 2001]. In
all cases, 20 nodes bricks with reduced integration (8 Gauss points) were used to perform the finite
element (FE) simulations. Usual symmetry conditions were used so that 1/8 of NT specimens and 1/4
of CT and SENB specimens were meshed as exemplified on Fig. V.13 and Fig. V.14. The material is
considered as broken when f reaches 1/¢; — € with € = 1073, In that case, the material behaviour
is replaced by an elastic behaviour with a very low stiffness (Young modulus: £, = 1 MPa). When
the material is considered as broken at four Gauss points within an element, the element is removed
from the calculation. To avoid getting a singular global stiffness matrix, displacement increments of
nodes belonging only to removed elements are then prescribed to 0.

V.5 Unit cell calculations

V.5.1 Calculations

Since the pioneering work by Koplik and Needleman [Koplik and Needleman 1988] unit cell
calculations have being used to numerically study void growth in porous solids. This versatile
methodology allows to easily study the effect of various parameters on void growth and coalescence
such as hardening rate [Faleskog et al. 1998, Gao et al. 1998, Lecarme et al. 2011], void shape or
cell shape [Pardoen and Hutchinson 2000], void population [Faleskog and Shih 1997, Fabrégue and
Pardoen 2008], void distribution [Bandstra and Koss 2008], second phase particles [Steglich and
Brocks 1997, Steglich et al. 1999]. Effect of plastic anisotropy was recently studied in the case of
single crystals [Yerra et al. 2010, Yu et al. 2010] and for anisotropic plasticity [Steglich et al. 2010,
Keralavarma et al. 2011].

In this study the effect of plastic anisotropy on void growth is studied using the above described
model (section V.4.1). The finite element mesh used for the calculations is shown in Fig. V.10-(a).
The cell is a 3D cube containing a central spherical void. The cell initial porosity corresponds to the
inclusion volume fraction of the material, i.e. fo = 2.10~%. Due to symmetry condition only 1/3
of the cell is meshed. Corresponding boundary conditions on displacements are imposed. Periodic
boundary conditions are imposed by keeping constant the normals to outer surfaces. The cell is
submitted to an axisymmetric macroscopic stress state (see Fig. V.10-(b)) such that the macroscopic
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stress tensor, X, is expressed as:

Y11 O 0
= 0 Yo 0 (V.16)
0 0 X33=2X9

It is assumed that X711 > Y99 = Y33. The ratio X92/%1; = 7 is kept constant in order to maintain a
constant stress triaxiality ratio, 7, with 7 = %(1 + 21)/(1 — n) The principal loading direction (i.e.
loading direction 1) corresponds to one of the three material directions (L, T or S). In the following the
unit cell calculations will be used to calibrate the model for ductile failure. The material is considered
as rate independent so that the Riks method could be used in order to keep the stress ratio constant
during the loading history,

Figure V.10 : Unit cell calculation: (a) finite element mesh (fy = 2.10™%), (b) boundary conditions.

V.5.2 Results

Results of unit cell calculations are shown on Fig. V.11 for stress triaxiality between 1.0 and 2.5.
Lower triaxialities were not investigated as large void elongation is obtained for these conditions and
as values reached in NT CT and SENB tests are higher than 1.0. The relative porosity increase f/ fo
is plotted as a function of the cell elongation Al/ly (where [y represents the initial cell height). As
expected increasing the stress triaxiality leads to faster void growth. For each triaxiality level, it can
be noticed that void growth is the highest for T loading and the lowest for S loading.

The model for ductile rupture presented above (section V.4.2) was fitted to reproduce the porosity
increase obtained using the unit cell simulations. Parameters to be fitted are ¢;, o, a1, and ag. A
very good agreement (see Fig. V.11) was obtained with ¢; = 2.39 and aT = a1, = ag = 0.896.
This result is in agreement with unit cell calculations reported in [Steglich et al. 2010]. It shows that
void growth can still be considered as “isotropic” (as the weighting parameters o, a1, and ag are
equal) but that it is governed by the ratio %akk /op and not by the standard stress triaxiality ratio
%akk /0eq Where o is the von Mises stress. The void growth anisotropy exhibited in Fig. V.11 is
only apparent and due to the fact that growth rate are compared for a fixed stress triaxiality and not
for a fixed %akk/aE ratio.

V.5.3 Simulation of tests on NT and CT specimens

The various test on NT specimens were simulated using the above fitted parameters. Results are
shown on Fig. V.12-a. The predicted ductility anisotropy is very small and does not correspond to the
experimentally observed one although predicted ductilities are realistic (i.e. neither too large nor too
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Figure V.11 : Unit cell calculation: results for axisymmetric loading for various values of the stress
triaxiality ratio 7. Symbols show results of FE calculations and lines show model prediction.

small). In particular the model predicts that ductilities obtained on NTy and NT; specimens are very
close. Predictions are close to experiments for specimens loaded along the L direction.

Simulation of J—Aua curves for CT specimens is shown on Fig. V.12-b. Details of the simulation
technique are given in V.6.2. As in the case of NT specimens, anisotropy is not predicted but
predictions for L loading are close to the experiments. Simulated J values for T-L loading are slightly
higher than for L-T loading due to the higher flow stress along the T direction.

The results also show that ductility anisotropy cannot be attributed to plastic anisotropy. Voids
are initially spherical and stress triaxiality in tested specimens is high enough so that cavities remain
close to spheres. Microstructural examination of the material did not reveal an anisotropic inclusion
distribution which could explain anisotropic rupture properties (note that as the inclusion volume
content is very low, it is however possible that an anisotropic distribution could not be detected).
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Figure V.12 : Simulation of (a) NT specimens and (b) CT specimens using damage model parameters
fitted on the unit cell calculations.

Table V.3 : Material model parameters: damage behavior.

fo 2.1074

q 1.80

ar, ap, ag,  1.31,0.60, 1.23
fer & 0.05, 4.5

hi 200 pym

V.6 FE Simulations of experiments

V.6.1 Model parameters fitting on NT specimens

As model parameters for damage (i.e. g1, aT, a1, and ag) could not be derived from the unit cell
calculations, they were directly fitted using experiments on NT specimens. Parameters were fitted to
match crack initiation (i.e. sharp load drop). A higher weight was given to NT; and NT, specimens
as they have higher stress triaxiality levels which are closer to levels met in cracked specimens (CT
and SENB). Results are show on Fig. V.13 and exhibit a good agreement except in the case of
NT, specimens tested along the T direction. Optimized parameters are shown on Tab. V.3. Very
different values are obtained for the ot 1, 5 coefficients which are between 0.60 (L direction) and 1.31
(T direction). The high value for the T direction corresponds to the lower ductility observed for this
direction.

V.6.2 Simulation of CT and SENB tests

Adjusted model parameters were used to simulate both CT and SENB tests. Due to the softening
character of the constitutive equations it is necessary to use a fixed mesh size in areas where cracks
propagate in order to control the fracture energy [Rousselier 1987, Ruggieri et al. 1996, Gullerud
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Figure V.13 : Simulation of the NT specimens using damage model parameters optimized on
experimental results (lines). Symbols represent the experimental sharp load drop which corresponds
to crack initiation. FE meshes for NT specimens are also shown.

et al. 2000]. The important mesh dimension is the height of the element along the direction normal
to the crack propagation plane, h, [Siegmund and Brocks 1999]. It is fixed to 200um. A possibly
better solution is based on “non local” damage models which allow to avoid mesh dependent damage
localization. These models are still under development for ductile materials [Mediavilla et al. 2006,
Feld-Payet S. 2011].

CT and SENB specimens were simulated using the above described constitutive equations. In

order to evaluate the J—Aa curves, simulations were considered as “numerical” experiments and
analysed following the ASTM-1820 standard. For that purpose a specific post-processing tool was
developed to compute the average crack advance. The J value can directly be obtained from the
load—displacement curve using eq. V.1. Meshes are shown on Fig. V.14-a. The SENB specimens
are supported by cylinders having a 18 mm diameter. The friction coefficient is taken equal to 0.1.
In order to simplify the simulations, displacement was prescribed on two rows of nodes instead of
representing the central support.

Experimental J—Aua curves are compared with simulations on Fig. V.15 for both CT and

SENB specimens showing very good agreement. This indicates that rupture anisotropy observed
on NT specimens and cracked specimens has the same origin.
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Figure V.14 : (a) 3D meshes of SENB and CT specimens (arrows indicate non zero prescribed
displacements), (b) opening stress field and crack advance in a CT specimen (broken elements are
removed).

V.7 Conclusions

A grade X100 plate used to manufacture line pipes was experimentally studied in this work. It was
shown the plastic behavior is anisotropic and that it can be described using the model proposed by
Bron and Besson [2004]. Rupture properties are also anisotropic in terms of both ductility (tensile
bars) and crack growth resistance (CT and SENB tests).

Fractographic examination of broken specimens did not allow to identify the origin of rupture
anisotropy. CaS/TiO particles at the origin of ductile damage (see Fig. V.9) are spherical so that
initial void shape anisotropy cannot explain rupture anisotropy. Another origin of rupture anisotropy
could be related to an anisotropic inclusion/cavity spacing leading to anisotropic void coalescence
following the internal necking mechanism described by Thomason [1985a;b] (see also [Pardoen and
Hutchinson 2003]). However examinations of polished cross sections could not evidence anisotropic
spacing. Note that this could be due to the very low inclusion content which makes measurements
difficult. In addition observation of fracture surfaces (see Fig. V.8) does not evidence anisotropic
coalescence.

In absence of a clear origin for rupture anisotropy, a simple semi-phenomenological modification
of the Gurson model (section V.4.2) was proposed which allows to describe both plastic anisotropy
and rupture anisotropy.

Unit cell calculations were carried out in order to study the role of the main loading direction
on void growth rate as this could also be an explanation for rupture anisotropy. For a constant
stress triaxiality ratio (%akk /eq), void growth rate depends on the main loading direction. However
fitting the proposed damage model on the unit cell calculations shows that void growth rate should be
expressed as a function of %akk /o g and not of %akk /0eq- In that case, void growth can be considered
as “isotropic”. This result is consistent with the theoretical derivations of Benzerga and Besson [2001]
in the case of a matrix material obeying a Hill criterion. As a consequence the Gurson—like model
tuned on the unit cell calculations is unable to reproduce fracture anisotropy (Fig. V.12) which is
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Figure V.15 : Simulation of the J—Aua curves for CT (a) and SENB (b) specimens (lines) and
comparison with experimental results (symbols).

strongly underestimated.
The anisotropic rupture behavior could however be represented using the same semi-

phenomenological modification of the Gurson model which was then tuned on experiments on
notched bars. Using the tuned parameters it became possible to simulate crack extension in both

CT and SENB pre-cracked specimens.
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Chapter -VI-

Simulation of the effect of prestrain on
ductility and toughness

Contents
VLI Introduction. . ... ... ...ttt iiiii ittt eeeennnnnnns 82
VL2 Resultsfor NT, specimens . . . .. ... ......... 000ttt 82
VI3 Resultsfor CTspecimens . ... ... ... .ottt neeeeennnnnn 84
VI4  Results for higher prestrainvalues . . ... ..........0000ueeno. 84
VIS Conclusions . . . . . . .ottt it ittt ettt e ettt e 86

1 t. Résumé en francais :

Le chapitre 6 reprend les simulations du chapitre 4 démontrant I’effet de pré-déformation
avec cette fois I’application du modele « complet » présenté au chapitre 5 (plasticité anisotrope
et endommagement anisotrope). La modele d’écrouissage tient compte uniquement de la partie
isotrope ; la partie cinématique étant difficile a ajuster avec les essais réalisés, elle a été négligée.

Le matériau a été pré-étiré selon la direction T simulant ainsi I’effet de pré-déformation selon les
différents niveaux introduits expérimentalement (2, 4 et 6 %). Les essais de traction entaillées NT
et les essais CT ont ensuite été simulés selon les différents niveaux de pré-chargement (0, 2, 4 et 6 %).

Le modele permet alors de reproduire la baisse de ductilité (E, = A®g|./®g) des éprouvettes
NT avec la pré-déformation. La baisse de ténacité en fonction de la pré-déformation est également
reproduite pour les deux configurations L-T et T-L. La simulation montre que seul le pré-écrouissage
joue et non I’accumulation d’endommagement durant la phase de pré-chargement. Des calculs
sont également réalisés pour des niveaux de pré-déformation allant jusqu’a 30 % (non possible
expérimentalement du fait de la striction). Ils mettent évidence une réduction de la ténacité Jy,,,
en fonction de la pré-déformation. La saturation observée expérimentalement n’est pas reproduite,
une réduction de la pente est cependant observée. L’utilisation expérimentale d’un matériau laminé
a froid permettant ’atteinte de plus forts niveaux d’écrouissage permettrait de valider ce résultat
numérique.
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VIL1. INTRODUCTION

V1.1 Introduction

In this chapter, the experimental results reported in chapter IV about the effect of prestrain on ductility
and toughness are modelled using the constitutive equations and material parameters proposed in
chapter V. Computational details (meshes...) are similar to those of chapter V. Although kinematic
hardening plays a role on the plastic behaviour of the investigated X100 steel after prestraining (see
chapter III), the damage model only accounts for isotropic hardening as the model including coupling
between mixed hardening (isotropic+kinematic) and damage proposed by Besson and Guillemer-
Neel [2003] was difficult to adjust. In addition convergence of finite element simulations was
difficult to reach when coupling the description of plastic anisotropy and the description of kinematic
hardening'. This short chapter is therefore a first attempt to model the effect of prestrain.

The X100 material is prestrained along the T direction under uniaxial tension. Prestrain levels
(total engineering strain) are 0, 2, 4 and 6%. Values of the state variables p and f after prestrain
are listed in Tab. VI.1. Due to the low stress triaxiality ratio (1/3), the variation of damage is very
limited during prestrain. These values will be used as initial state variables when simulating test on
prestrained materials.

Table VI.1: Values of p and f after prestrain.

’ prestrain (%) H 0 ‘ 2 ‘ 4 6
P 0 1.841072 | 3.971072 | 6.081072
f 2.107% | 2.084107% | 2.186107* | 2.29310~4

VI.2 Results for NT, specimens

Simulated load—diameter reduction curves for all notched geometries and prestrain levels are shown
in Fig. VI.1. The maximum error between the experimental and simulated maximum loads is less than
5% with most of the differences being less than 2%. In all cases, it can be observed that the critical
diameter reduction at crack initiation (see chapter IV), E. = A®g|, /®g decreases with increasing
prestrain level.

Adg|. /Dy is plotted as a function of the prestrain level in Fig. VI.2. It is shown that the observed
experimental trend (critical strain is decreased by the amount of prestrain) is well reproduced by the
present model in particular for NT, specimens.

Prestrain has two effects: (i) it reduces the work-hardening capacity of the material, (ii) it induces
initial damage. These two effects can be separated using the damage model. One series of calculations
(referred to as “hardening only”) was first performed using the values of the isotropic hardening
variable p shown in Tab. VI.1 but using the initial value for damage f = 2.107%. A second series
of calculations (referred to as “damage only”) was performed using the values of damage listed in
Tab. VI.1 together with p = 0 as initial state variables. Both series were performed for the NTy
specimens tested along the L direction. Results are shown in Fig. VI.3. On the one hand it can be
clearly seen (Fig. VI.3—c) that pre-damage is too small to significantly modify ductility. On the other
hand pre-hardening only (Fig. VI.3-b) results is ductilities that are equal to those obtained assuming
both pre-damage and pre-hardening (Fig. VI.3-a). This result is somehow obvious as pre-damage
is very limited (see Tab. VI.1) ; however it clearly shows that pre-hardening can reduce ductility.

'In appendix A, a preliminary damage model incorporating damage, anisotropic plasticity and mixed isotropic/kinematic
hardening is briefly presented based on the work by Besson and Guillemer-Neel [2003], Morgeneyer et al. [2009].
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Figure VL1 : Simulated normalized force—diameter reduction curves for NT; 2 4 specimens and L
and T directions for prestrain levels equal to 0, 2, 4 and 6%.
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VIL.3. RESULTS FOR CT SPECIMENS
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Figure VL3 : Simulated normalized force—diameter reduction curves for NTy specimens assuming
that prestrain affects (a) both hardening and damage, (b) hardening only and (c) damage only.

Prestraining leads to a reduced hardening capability so that strain and damage localization become
easier thus leading to a reduced ductility.

VI.3 Results for CT specimens

Simulated J—Aa curves for all prestrain levels are shown in Fig. VI.4 for the L-T and T-L
configurations. In both cases J values for a given crack advance decrease with increasing prestrain
level. The J value for 1 mm crack advance (J1,,) is plotted in Fig. VL.5 as a function of the prestrain
level. It is observed that the decrease is faster for small values of prestrain. This result agrees with the
observed experimental trends (see chapter IV) although the experimental results indicate a saturation
of the decrease in toughness.

Calculations assuming that prestrain only affects damage or hardening were also performed.
Conclusions are similar to those drawn from the study of notched bars: pre-damage has a negligible
effect on toughness decrease which is only affected by pre-hardening. It is interesting to outline
that prestraining increases the maximum load level obtained on CT specimens (as experimentally
observed). This results, for a given CMOD, in a higher dissipated energy (e.g. A, appearing in
the calculation of J,). Lower values of J for a given crack advance are therefore obtained because
crack growth is faster in the prestrained material. In the present modelling framework this cannot be
attributed to a change in damage growth rates as model parameters (in particular ¢; and ¢2) are kept
independent on the prestrain level. Crack growth is faster because of the easier strain and damage
localization caused by the loss of hardening capability.

VI.4 Results for higher prestrain values

Prestrain of large tensile specimens was limited to 6% in order to prevent necking. Using the model,
it is possible to simulate the effect of larger deformations. Results are presented in Fig. VI.6-a for
notched specimens (L loading) and in Fig. VI.6-b for CT specimens for the L-T configuration. The
predicted decrease in ductility and toughness does not appear to reach a plateau for prestrain levels up
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to 30%. However the decrease rate is reduced as the prestrain level is increased. These trends could
be checked by using material prestrained using cold rolling in order to reach high prestrain levels.

VI.5 Conclusions

In this chapter, the effects of prestrain on ductility and toughness were evaluated using the constitutive
equations and material parameters proposed in chapter V to reproduce results presented in chapter I'V.
Kinematic hardening was neglected. The X100 material was prestrained along the T direction under
uniaxial tension. Prestrain levels (total engineering strain) were 0, 2, 4 and 6%.

The model is able to reproduce the fact that ductility (£, = A®g|./®g) of NT specimens is
approximately decreased by the amount of prestrain. Decrease of toughness as a function of prestrain
is also qualitatively reproduced for both L-T and T-L configurations.

Using the simulation tool, it was possible to evidence that the decrease of ductility and toughness
is caused by the loss of work hardening caused by prestrain and not by damage accumulation
during prestraining. The model also shows that prestrain levels larger than the necking strain could
possibly cause a further decrease of ductility and toughness. This could be checked by using material
prestrained using cold rolling.
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Chapter -VII-

Conclusions and outlooks

Conclusions

In this thesis the influence of prestrain on anisotropic ductility and fracture toughness has been
evaluated for API grade X100 line pipe steel. A comprehensive experimental investigation
of microstructure, mechanical properties and fracture mechanisms has been carried out. A
phenomenological model combining isotropic and kinematic hardening with anisotropic yield
function has been developed, in order to represent anisotropic hardening behavior of the high strength
steel. Additionally, a damage model incorporating anisotropic damage has been established for
representation of prestrain effect on ductility and toughness of the X100 steel. The developed models
could predict the bending capacity and the ductile fracture toughness of the cold-formed line pipes.

Plasticity : Tensile tests via a smooth and notched axisymmetric bars with different notch radii
and plane strain specimens have been performed along different loading directions for as-received
and prestrained materials, in order to investigate both anisotropy and prestrain effect of API grade
X100 steel. It was found in the smooth bar tensile tests that the tested material had strong plastic
anisotropy and isotropic/kinematic hardening behavior. Strain rate sensitivity was also investigated
via smooth tensile tests at room temperature. X100 steel exhibits a slightly strain rate sensitivity.
In order to represent these experimental results, the new phenomenological model was developed
in this thesis. The model proposed by Bron and Besson [2004] was combined with the kinematic
model. All parameters of the model were adjusted on the experimental results so that the model could
simulate the anisotropic plasticity in all small-scale tensile tests. The bending capacity of the X100
pipe with geometric imperfection effect was analysed using the developed model. The numerical
results suggest that prestraining level in the pipe forming process should strongly affect the bending
capacity, especially under the end-capped condition.

Experimental characterisation of anisotropy rupture and prestrain effect : Three kinds of
fracture toughness tests, such as CT, SENB and SENT, as well as a smooth bar, three types of notched
bar and plane strain tensile tests were carried out to evaluate ductility and toughness of the API X100
steel. The critical strain at the onset of fracture in the notched bar specimens was evaluated. The
critical strain decreased with increasing notch severity. In the specimen with sharp notch radii (NTy),
the strain was small. It is well-known as stress triaxiality effect. The value was also affected by
loading-direction. The critical value was higher in T loading direction than L loading direction.
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Furthermore, the critical value deteriorated by prestraining level. The value reduced by the prestrain
level in the NT, specimen, while some deviation is observed for the other specimens. Ductility,
which is characterized by the fracture area reduction in all tensile specimens, was evaluated. The
value linearly decreased by the prestrain level in all types of tensile tests. Regarding ductile fracture
toughness, the ductile crack initiation and the ductile tearing resistance were evaluated in three kinds
of fracture toughness tests. As the received state, the crack initiation was independent of the specimen
geometry and the loading direction. On the other hand, the crack advance resistance was strongly
affected by the specimen geometry and the loading direction. The resistance for L-T configuration
was higher than T-L one. The value became higher in CT, SENB and SENT specimen, respectively.
Prestrain deteriorated the crack initiation, while had small effect on the tearing resistance, in CT and
SENB tests.

Model for anisotropic ductile rupture : In order to represent the anisotropic ductility and
toughness of API X100 steel as the received state, a semi-phenomenological modification of the
Gurson damage model was developed. Unit cell calculations were carried out in order to clarify the
effect of the main loading direction on void growth rate. For a constant stress triaxiality ratio, void
growth rate depended on the main loading direction. The Gurson-like model tuned on the unit cell
calculations was unable to reproduce fracture anisotropy which was strongly underestimated. The
anisotropic rupture behavior could , however, be represented using the same semi-phenomenological
modification of the Gurson model which was tuned on experiments on notched bars. Using the tuned
parameters it became possible to simulate anisotropic crack extension in both CT and SENB.

Simulation of the effect of prestrain on ductility and toughness : Simulation of prestrain
effect on ductility and toughness was attempted using the constitutive equation coupling anisotropic
plasticity, damage and mixed hardening models. The X100 material was prestrained along the
T direction under uniaxial tension. Prestrain levels (total engineering strain) were 0, 2, 4 and 6%.
In the notched bar tensile simulations, the maximum error between the experimental and simulated
maximum loads was less than 5%In all cases, it was observed that the critical strain at crack initiation
decreased with increasing prestrain level. Prestrain has two effects: (i) reduces the work-hardening
capacity of the material, (ii) induces initial damage. However, the pre-damage was very limited and
the pre-hardening strongly affected ductility. Namely, Prestraining might have a role of reduction
in hardening capability so that strain and damage localization become easier leading to a reduced
ductility and toughness.

Outlook

SENT test specimens : In this study a semi-phenomenological modification of the Gurson damage
model was developed in order to represent the anisotropic ductility and toughness of API grade X100
steel. Simulations of anisotropic crack extension in both CT and SENB tests was able to be performed
by using the optimized parameters of the developed model. However preliminary simulations have
shown that the semi-phenomenological damage model could not simulate SENT tests in both L and
T loading direction. That might be because the mechanism of ductile failure in the SENT specimen
is different from in the CT and SENB ones. Although the J-integral value at crack advance initiation
was almost the same level among SENT, SENB and CT tests, the crack tearing resistance of the
SENT specimen was much higher than those of SENB and CT ones. It would be necessary to clarify
effect of loading mode (tension and bend) on the stress field localized in the crack tip and improve
the developed damage model for representation the ductile crack tearing behavior in tension loading
mode such as the SENT test for which the crack tip stress triaxiality is significantly smaller.
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Simulation combining forming, straining, and fracture : FE model for representation of
anisotropic plasticity and kinematic hardening in API grade X100 steel was developed in this thesis.
A welded pipe such as UOE has anisotropic tensile properties due to the cold pipe forming. The
developed model could simulate the UOE pipe process and predict the pipe’s anisotropy. Furthermore,
the semi-phenomenological damage model proposed in this study, which can represent anisotropic
ductility and toughness of prestrained material, has potential to use fracture assessment for strain-
based design. Using the phenomenological combined model to represent anisotropic plasticity,
kinematic hardening and damage anisotropy, a sequence of simulations (cold pipe forming in a UOE
pipe mill, the UOE pipe’s anisotropic properties and the ductile fracture behavior under the operation
condition) could be developed in the further work.

Improving the damage model : The proposed model could be improved to better describe the
fracture behavior of SENT specimens. This could possibly be done by incorporating the effect of
the Lode parameter (third stress invariant) on damage developpement as proposed in Nahshon and
Hutchinson [2008]. It is also well known that simulations using damage models leads to mesh
dependent results (dependance on the mesh size but also mesh direction, element type...). These
simulations would greatly benefit from improved computational methods (for instance based on non-
local formulations) allowing having fracture energies independent on mesh design [Hiitter et al. 2013,
Mediavilla et al. 2006, Bargellini et al. 2009].
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High-strength steel line pipes have different mechanical properties (plasticity, ductility and toughness) in each direction.
This anisotropy is developed by a thermo-mechanical control process (TMCP) in a heavy plate mill and a cold forming
process in a pipe mill. In this study, experimental work was carried out using both as received and pre-strained (up to

6% along the T direction) steel plates for X100-grade pipes, in order to analyze anisotropic toughness. Compact tests were

conducted in the longitudinal (L) and transverse (T) directions. Further, a new damage model based on the GTN model was

proposed, in order to represent anisotropic damage behavior in high-strength line pipe steels.

INTRODUCTION

As consumption of energy is increasing worldwide, demand
for the development of oil and gas resources in remote locations
becomes strong. These development areas are often far from major
consumers because the potential locations are in harsh environ-
ments. Environmental loads by offshore ice, discontinuous per-
mafrost and seismic activity impose a strain-caused burden on the
pipeline structures transporting the oil and gas from these remote
resources to the population centers.

While the stress-based design (SBD) of pipelines is normally
preferred, the nature of these environmental loads makes (SBD) a
necessity in these harsh environments. The accurate prediction of
the environmentally imposed strain by pipeline designers, and the
accommodation of this strain by installation of advanced steels
for pipelines, are essential to the operation of a safe and reliable
pipeline.

The basic materials requirements for the SBD line pipe steels
are generally the control of longitudinal yield strength, low
yield-to-tensile strength (Y/T) ratio, high strain-hardening expo-
nent, high uniform elongation, and good toughness (Glover and
Rothwell, 2004). Additionally, aging effects on tensile properties
during the coating process must be minimized and fully charac-
terized (Shinohara et al., 2005; Timms et al., 2005).

For the accurate prediction of strain demand in the new design,
we need to consider strain limits at both tensile and compressive
sides during the pipe’s bending deformation (Tsuru et al., 2008;
Igi et al., 2008).

In order to determine these strain limits, the full-size pipe bend-
ing test and the curved wide-plate tests are performed. Finally,
the numerical simulations using finite element analysis (FEA)
are utilized for specifying the effective mechanical properties in
the pipes, checking the predicted values against the experimen-
tal results. Recently, the detailed mechanical properties of UOE

Received March 25, 2010; revised manuscript received by the editors
October 15, 2011. The original version (prior to the final revised
manuscript) was presented at the 20th International Offshore and Polar
Engineering Conference (ISOPE-2010), Beijing, June 20-25, 2010.

KEY WORDS: High-strength steel, anisotropy, damage, ductile fracture.

line pipes in practical use have been discussed for investigat-
ing the high reliability of SBD. The strengths in UOE pipes are
distributed by the plastic strain developed in the pipe forming pro-
cess, so the strain capacity under the bending moment is depen-
dent on the loading orientation. The strength is also different
between the longitudinal direction and the circumferential direc-
tion, the so-called orthogonal anisotropy (Shinohara et al., 2006;
Tsuru et al., 2008).

The effects of strength anisotropy in UOE pipes on the strain
capacity under the bending moment have recently been studied
(Tsuru et al., 2008). A constitutive model with anisotropic strain-
hardening based on Hill’s quadratic yield function was developed.
The numerical analysis indicated that the anisotropic hardening
significantly affected the buckling resistance, especially under
high internal pressure.

Moreover, some recent reports have indicated that the pipe
properties, including the anisotropy between the hoop and longi-
tudinal tensile properties of the pipe, could have an influence on
the tensile strain limit (Wang and Liu, 2007; Gordon et al., 2007).

Orthogonal anisotropy is enhanced by pre-straining as well as
development of crystallographic texture. This study’s objective is
to reveal the anisotropic damage behavior of high-strength line
pipe steels by conducting fracture toughness tests for as-received
and pre-strained X100 steel plates.

MATERIAL AND EXPERIMENTAL PROCEDURE

The tested steel was a high-strength, 16-mm-thick steel plate.
The plate was produced in a commercial heavy-plate mill for
experimental manufacture of API X100-grade UOE line pipe. The
chemical composition is shown in Table 1. The steel was made
through thermo-mechanical controlled rolling and an accelerated
cooling process. The microstructure was a dual-phase structure

C Si  Mn P S Ti N Others

0.051 0.2 1.95 0.007 0.0015 0.012 0.004 Ni, Cr, Cu, Nb

Table 1 Chemical compositions of steel used in this study



84

Fig. 1 SEM image of steel used in this study

consisting of fine polygonal ferrite and granular bainite, as shown
in Fig. 1.

A plate made by TMCP has, generally speaking, an anisotropic
plastic behavior (Tanguy et al., 2008) so that it is important to
keep track of the principal material axes. Below, L is the longitu-
dinal direction corresponding to the rolling direction; T, the trans-
verse direction; and S, the short transverse (thickness). D stands
for the diagonal direction (45° between direction L and T in the
sheet plane).

Large flat tensile specimens (Fig. 2) were machined from
the steel plate, in order to pre-strain the material. The speci-
men was strained up to approximately 6% on a 4000-kN ten-
sile machine. The maximum level of pre-straining is close to the
uniform elongation of the tested steel; specimens started necking
above this limit. The specimen shape was optimized to make a
200-mm x 300-m zone where applied plastic strain was uniform.
Strain gauges were glued on the test specimen to check the pre-
strain level. Tensile straining was performed along the T direction,
which corresponded to the main pre-straining direction during the
UOE pipe forming process.

Table 2 shows the tested plate had anisotropic tensile prop-
erties even before pre-straining. Both yield and tensile strength
were highest, while elongation was lowest in the T load direc-
tion. Regarding plastic deformation behavior, the anisotropy was
obvious in the L and T directions, while the isotropy is in the
D direction. (See Lankford values in Table 2 or Fig. 3.)

Pre-straining enhanced the anisotropy, as shown in Fig. 3. In
the T direction, which was parallel to the pre-strain one, stress
immediately reached the ultimate point after more than 4% pre-

700 mm

. A
400 mm 130 mm

110 mm 150 mm

“R2o e

Fig. 2 Schematic illustration of pre-strain test specimen

T-0% L-0% D-0%
YS (MPa) 567 538 500
TS (MPa) 771 741 708
U.EI (%) 9.2 9.8 10.0
T.EI (%) 19 21 2
Lankford 0.67 0.40 1.00

Table 2 Tensile properties of as-received plate in each direction
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Fig. 3 Stress-strain curves in different directions before and after
pre-straining
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Fig. 4 Schematic illustration of compact testing specimen (units
in mm)

straining. In the L and D directions, some plastic hardening was
kept even after applying the same pre-strain level.

The fracture toughness test was carried out along different
directions using compact testing C(T) specimens without side
grooves, shown in Fig. 4. All tests were carried out at 25°C for the
as-received and pre-strained steels. The B of the C(T) specimen
was 12.5-mm thick, and the width W was equal to 2B (25 mm).
All specimens contained notches that were sharpened with fatigue
cracks. The crack size was between 0.55 and 0.60 W. The J-Aa
resistance curve was determined from which single point the ini-
tiation toughness value was evaluated, using multiple samples
in accordance with the ASTM-1820 standard. The ductile crack
advance was directly measured on a fracture surface of a speci-
men which was broken at a liquid nitrogen temperature after the
toughness test.

FRACTURE TOUGHNESS TESTS USING C(T)
SPECIMENS

Anisotropy of Damage Behavior in As-Received Material

Fig. 5 shows J-Aa resistance curves in different directions
(L and T) of the as-received steel. The letters L and T iden-
tify the orientation of the used fracture toughness specimen; the
first letter indicates the load direction, and the second denotes the
direction of crack propagation. The tested plate (API-X100) had
anisotropic crack growth resistance between the L and T loading
directions. Toughness was higher in the L-T configuration than in
the T-L configuration. This result was in agreement with experi-
mental results on the ductility of the same plate using smooth and
notch tensile specimens (Shinohara et al., 2009).
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Fig. 5 J-Aa resistance curves of specimens tested along different
directions (L and T)

Effect of Pre-Straining on Ductile Crack Resistance

Figs. 6 and 7 show the effect of pre-strain on crack growth
resistance for the L-T and T-L configurations, respectively. It was
observed that pre-strain had a large effect on toughness for both
load directions. However, in the range of applied strain from 2%
to 6%, the change of crack growth resistance was small.

Fig. 8 shows J integral values at a 1-mm crack advance for the
as-received and pre-strained materials loaded along the 2 direc-
tions. The J value was reduced by about 30% for the L-T con-
figuration, and by 45% for the T-L configuration when pre-strain
was applied to 4% and larger. Plus, both slopes appear to be the
same; the deterioration of toughness by pre-straining might be
independent of the loading direction.

Fractographic Examination

Fracture surfaces close to the crack tips of the entire tested C(T)
specimens were observed by SEM. Fig. 9 shows the fracture sur-

1600 | | | |
1400 L load direction

1200
1000

800

J (kJ/m?2)
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0

0 0.5 1 1.5 2
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Fig. 6 Crack resistance curves of pre-strained steels in L-T
configuration
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Fig. 7 Crack resistance curves of pre-strained steels in T-L
configuration

faces in both as-received and pre-strained materials. It was found
that the main damage mechanism in the toughness tests was void
growth of primary dimples which nucleated at oxides. Also, the
average size of dimples in the pre-strained material was almost
the same as one of the as-received material. The effect of pre-
strain on dimple size might be limited.

NUMERICAL ANALYSIS OF ANISOTROPIC
TOUGHNESS IN AS-RECEIVED STATE

As noted above, the tested API-X100 steel plate had anisotropy
of toughness as well as plasticity. The observed crack advance in
the C(T) test coincided with primary void growth and coalescence.
Numerical analysis was performed using a unit cell model with a
small void, in order to reveal anisotropic void growth.

Constitutive Model

The model used here included the anisotropic yield condition
proposed in the previous study (Bron, 2004), which was extended

1000

900
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700

600 |- -1

Jlmm (kJ/mZ)

500 |- -1

400 |- -

300 | | | | | |
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€p

Fig. 8 Change of ductile crack resistance by pre-straining
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As received

(b) Pre-strained material

Fig. 9 Fracture surfaces of C(T) specimens (LT configuration)

to account for kinematic hardening. In the following, o is the
Cauchy stress tensor and X the back-stress representing kinematic
hardening and 8= o — X. The yield function is then defined as:

¢ =B —R(p) M

where B is an equivalent anisotropic stress measure, R(p) the
isotropic hardening function expressed as:

R(p) = Ro(1+ 0, (1 —exp(=kp)) + O, (1 —exp(=k,p)))  (2)

where p is the equivalent plastic strain.

The yield function can describe Lankford coefficients in any
direction as well as yield anisotropy. Plastic anisotropy is repre-
sented by 12 parameters in the form of two 4th-order symmetric
tensors; 4 other parameters influence the shape of the yield sur-
face. The model is based on the definition of an equivalent stress
measure defined for any 2nd-order tensor a and given by:

1 a, 2 a
ap=(a@")"" + (1 —a)(y)"")" (©)
1
U= (S =831 1S =8I 1] - s )
2 3" 215 25 2(p?
= mﬂsﬂ +IS 17 +185517) ®)

where S¥_, 5, k=1, 2 are the principal values of a modified stress
deviator s* defined as follows:

sk:é]‘:a (6)
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where L* is the 4th-order tensor expressed as in the Voigt repre-
sentation:

k k B k
CetCs _Css _fi 0 0 O
3 3 3
k
Css Css T Crr rr 0 0 0
3 3 3
ékz _Cf_L _ckﬂ —CI;T—FC{L 0 0 0 (7)
3 3 3
0 0 0 ¢ 0 0
0 0 0 0 ¢k 0
0 0 0 0 0

The effective plastic strain, p, is defined by the condition:
Bep=B:¢, (®)

where £p is the plastic strain rate tensor defined by the normality
rule:

I¢
L 9
8, =05, ©
The evolution of the back stress tensor is given by the Prager rule
(Chaboshe, 1989):

.2
X=3Cs,-pDX (10)

The model is complex and has several material parame-
ters to be adjusted: the anisotropic yield function parameters
(a, by, by, a, IS, cIT--5T) and the isotropic hardening param-
eters (Q;, Q,, by, b,). Below, the model is simplified assuming
a = b, = b,. The parameter adjustment for the tested steel had
already been carried out in the previous work (Shinohara, 2009).

Numerical Analysis of Anisotropic Void Growth

Three-D unit cell calculations (Koplik and Needleman, 1988,
Brocks et al., 1995) for different load directions (L and T) were
carried out. The 3D mesh is shown in Fig. 10. The unit cell was a
cube. The initial porosity f; was set at 0.1%. The stress triaxiality
was kept constant (1.5) while pulling the cell.

Fig. 11 shows the results of a unit cell calculation in terms of
deformation and evolution of void volume fraction in the 2 load

| £=0.001, T=1.5

oid

Fig. 10 3D unit cell mesh with cube void
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Fig. 11 Change of void growth by loading direction

directions. The volume fraction of void gradually increased in the
range of small deformation. When the plastic strain was over 0.3,
the void rapidly grew, which correlated with the onset of coales-
cence. The growth rate depended on the pulling direction. A void
grew more quickly in the T load direction than in the L direction.
The critical strain of the coalescence is also different between
the 2 directions: the value is smaller in the T than in the L load
direction. The numerical results are consistent with experimental
results. The results also suggest that a new damage model should
be developed to account for the anisotropic ductile damage.

PROPOSED DAMAGE MODEL TO REPRESENT
ANISOTROPIC DAMAGE BEHAVIOR

High-strength steel line pipe has anisotropic ductile damage
as well as plasticity due to the crystallographic texture and pre-
straining. The damage model proposed in this study must coincide
with the model for anisotropy of plastic behavior in the absence of
damage. Additionally, the model must account for ductile failure
anisotropy.

Proposed Damage Model

The proposed model is based on the Gurson-Tvergaard-
Needleman (GTN) model (Tvergaard, 1990) extended to take
into account plastic anisotropy and kinematic hardening (Besson,
2009). In this study, the representation of damage anisotropy is
based on the simple phenomenological model given by the previ-
ous literature (Morgeneyer et al., 2009). Damage is represented by
the void volume fraction f. The model is based on the definition
of an effective scalar stress measure a, expressed as a function
of tensor g and damage f. It is implicitly defined by solving the
following:

2
S(a, f.a.) =5 +2q,/. cosh(@ ”—") —1-gif’=0 (1)
az 2 a,
where f, is a function of damage introduced to void coalescence.
q, and g, are fitting parameters. The anisotropic stress measure
ayg is denoted by Eqs. 3~7. ay is used to take into account the
anisotropic ductile damage instead of the trace of a (Morgeneyer
et al., 2009). It is expressed as:

ag =0y ap; + Qrrdry + Oggdgg (12)

B, is implicitly defined by:

S(B*’BE’BK’f):O (13)

The yield function is then expressed as:

é=pB.—R(p) (14)

where the function R(p) still represents isotropic hardening,
which is denoted by Eq. 2. The plastic strain rate tensor is given
by the normality rule as:

b= NP5 =1 i (15)
So that:
&:8=(1- 1B, (16)

Damage growth is described considering void growth and void
nucleation on carbides so that:

f=(0~f)uace(&,) +A,p (17)

where A, is the nucleation rate. Primary particles are assumed
to de-bond at the onset of plastic strain so that the initial void
volume fraction f, corresponds to the particles’ volume fraction.
The evolution law for the back stress X has to be modified as
detailed in Morgeneyer et al., 2009.

Simulation of C(T) Test for Pre-Strained Steel

Calculations were carried out using quadratic elements with
reduced integration. The 3D mesh of a C(T) specimen is shown
in Fig. 12.

Fig. 13 shows simulation result of the J-Aa curves for the as-
received material loaded in different directions (L and T). J and
Aa were computed following the ASTM-1820 standard. Using
the proposed damage model with the modified trace a, ductile
tearing anisotropy was well represented. The J integral value of
the L-T configuration was higher than one of the T-L configura-
tion. The simulation results were in agreement with experimental
trends for the as-received steel.

Fig. 14 shows simulated J-Aa curves of pre-strained materi-
als in the T-L configuration. As experimentally observed, crack
advance resistance decreased with increasing pre-strain level. The
pre-strain effect on toughness could be demonstrated, thanks to
the extension of the damage model to the kinematic hardening
model.

Fig. 12 3D mesh of a C(T) specimen
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Fig. 13 Simulated J-Aa curves for as-received material
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Fig. 14 Simulated J-Aa curves for pre-strained material

Further Work

All parameters in the proposed damage model should be more
precisely optimized, in order to get good agreement with all exper-
imental results. The damage model is now applied to other kinds
of fracture toughness test, such as the ingle edge notch bend
(SENB) and single edge notch tension (SENT) test.

Further, the application will be extended to a numerical analysis
of a curved wide plate tensile test and a full-scale pipe tensile test
with internal pressure.

CONCLUSIONS

Fracture toughness tests using C(T) specimens were performed
along different directions for as-received and pre-strained X100
line pipe steel plates. The new damage model was proposed to

Anisotropic Damage Behavior in High-Strength Line Pipe Steels

represent anisotropic damage behavior. The main results obtained
are:

* The experimental test results showed ductile tearing
anisotropy in the as-received state; the J integral value in L load-
ing was higher than the one in T loading.

* The experimental test also revealed that pre-strain deterio-
rated toughness; the J integral value was reduced by about 30%
for the L-T configuration and by 45% for the T-L configuration
when pre-strain was applied to 4% and larger.

* According to unit cell simulation, the void growth and coa-
lescence, which corresponded to ductile advance, was dependent
on the loading direction; the growth rate was faster in T loading
than L loading. The result was int agreement with the trend of
experimental results.

* The new model was proposed in this study in order to repre-
sent ductile damage anisotropy. It was based on the GTN model
extended to take into account anisotropic plasticity and kinematic
hardening. In addition, it was proposed to phenomenologically
describe anisotropic damage growth by replacing the trace of the
stress tensor by a modified value. The proposed model could rep-
resent pre-strain effect on damage as well as damage anisotropy.
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Effet de pré-déformation sur I’anisotropie du comportement plastique
et sur la ténacité d’un acier API X100 pour pipeline

1 ! Résumeé : Dans le cadre de cette étude, I'influence de la pré-déformation sur I'anisotropie du

comportement plastique et sur la ténacité d’un acier AP1 X100 pour pipeline a été abordée. Une étude
expérimentale approfondie de la microstructure, des propriétés mécaniques et de 'endommagement
du matériaux a été mise en oeuvre. Un modele phénoménologique anisotrope combinant les écrouis-
sages isotrope et cinématique a été développé dans I'objectif de rendre compte du comportement
ductile de cet acier a haute résistance. De plus, un modéle d’endommagement anisotrope a été établi
pour représenter I'effet de pré-déformation sur la ductilité et la ténacité de cet acier. Lapplication des
modéles a la flexion sous contrainte illustre, par exemple, 'effet négatif de la pré-déformation sur la
charge limite (Moment de flexion maximum) supportée avant flambement du pipe.

Mots clés : X100, anisotrope, pipeline, ductile, endommagement, ténacité, flambement.

Prestrain effect on anisotropic ductile damage
in APl grade X100 line pipe steel

EIEAbstract: In this thesis the influence of prestrain on anisotropic ductility and fracture tough-
Z1N

ness has been evaluated for API grade X100 line pipe steel. A comprehensive experimental inves-
tigation of microstructure, mechanical properties and fracture mechanisms has been carried out. A
phenomenological model combining isotropic and kinematic hardening with anisotropic yield function
has been developed, in order to represent anisotropic hardening behavior of the high strength steel.
Additionally, a damage model incorporating anisotropic damage has been established for represen-
tation of prestrain effect on ductility and toughness of the X100 steel. The developed models could
predict the bending capacity and the ductile fracture toughness of the cold-formed line pipes.
Keywords: X100, anisotropy, line pipe, ductile, damage, toughness, buckling.
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