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Abstract

ABSTRACT

Maximization of benefits in the oil and gas transportation industries requires an increase in the
size and operating pressure of the pipeline, which in turn requires an increase in the strength of
line pipe steel. To ensure reliable operation, public safety, and environmental protection, the
design of pipelines must include strategies for controlling fractures. Identifying defect(s) where
crack initiation is possible and predicting the crack propagation are of great importance when
considering fracture control of pipelines.The current research is aimed at developing an
improved method using the acoustic emission (AE) technique for determining fracture initiation
and propagation in the line pipe steel during Charpy V-Notch (CVN) impact test and single edge-

notched tension (SENT) test.

SENT tests on X70 and X80 line pipe steels were conducted, augmented with the AE
measurements. It was found that the AE activity started before the yield point due to stress
concentration at the crack tip and increased suddenly before the peak load was reached due to
fracture initiation. Towards the end of the test, the AE hit density increased again. With an
increase in the strain rate and a decrease in the test temperature, AE activity increased during the
SENT test. It was found that the fracture initiation resulted in a ‘burst-type’ AE signal with a 65-
75 dB amplitude and a 300-350 kHz average frequency, prior to the peak load point on the load-
displacement curve. It was also found that the AE count rate increased as the crack growth rate

increased and the AE average frequency decreased with the void size.

CVN tests on X70 line pipe steels were conducted at various temperatures. Tests with different
specimen thicknesses were also performed at room temperature. The AE measurement technique

\Y
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was applied to all tests. It was found that the temperature and sample thickness affected the
fracture mode (ductile or brittle) and the relative magnitude of the AE signals. The AE average
frequency increased as the temperature decreased, while the AE average frequency decreased as
the specimen thickness was reduced.There was a strong burst-type AE signal in a short time span
between the yield point and the peak load point on the load-displacement curve, which is

believed to be responsible for fracture initiation.

Finite Element Modelling (FEM) simulations confirmed that the fracture was initiated within a
relatively short time period between the yield point and the peak load point on the load-
displacement curve for both CVN test and SENT test, which is in good agreement with the

observations from the AE monitoring.

The distinction between fracture initiation energy and fracture propagation energy is crucial in
pipeline fracture control research. From the present study, it was found that using the peak load
point to separate the two energy components is not accurate. The AE analysis conducted in the
present thesis showed strong evidence of AE hits before the peak load, corresponding to the
fracture initiation. Therefore, this thesis recommends that AE measurement be used to identify

the fracture initiation, rather than the peak load point, in future pipeline research.

Vi
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Overview

The maximization of benefits in the oil and gas transportation industries requires an increase in
the size and operating pressure of the pipeline, which in turn requires an increase in the strength
of the pipeline steel. A gas pipeline failure can have a catastrophic impact on the environment. It
may cause public injury and lead to a high repair cost [1, 2] . Pipeline failure may result from a
number of causes such as local defects in the pipe wall and plastic deformation damage due to
ground movement. Pipelines can be subjected to severe deformation during installation and
operation, from biaxial load originating from longitudinal strain and internal pressure. The
problem can be potentially accentuated if conditions are such that the pipeline metal attains low
temperature while it is subjected to high stress/strain. This calls for a study of the effect of the
strain rate and low temperature on the properties of pipeline steel. Therefore, a better
understanding of the modes of pipeline fracture (ductile or brittle) is needed to prevent or control
fracture initiation and propagation. Laboratory-scale experiments carried out on specially

designed specimens can potentially yield useful results in this respect.

One such example is a single-edge-notch specimen that can be subjected to a tension test. The
notch in the specimen can ‘simulate’ a crack in a full-scale pipeline by creating a similar stress
field in the vicinity of the crack tip. Another important example is a Charpy V-notch specimen
that is used to measure fracture energy using the dynamic impact test. The pipeline steel should

be able to dissipate enough energy to arrest a crack if it is initiated. This criterion can be assessed
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by a CVN test. The main concern in fracture propagation control is the minimum value of
pipeline steel toughness that would arrest ductile fracture [3]. This minimum toughness can be

determined from a CVN test.

Predicting the presence of defects in the line pipe steel, and identifying crack initiation and
propagation, are of great importance in fracture control of pipelines, especially if different failure
modes (ductile or brittle) are involved [4]. To fully explain pipeline failure, research is needed to
develop a better understanding of the mechanical properties and fracture behavior in line pipe
steels. The current research is aimed at identifying fracture initiation points using CVN and
SENT tests. Traditionally, it is assumed that fractures initiate at the point of maximum load
during the tests [5]. However, FEM simulations have shown that fractures can initiate before or
after the load has reached its maximum value [6] . To investigate this phenomenon, the ductile
fracture initiation point must be detected within a relatively short time period between the yield
of the sample during, and before or just after the maximum load point. This introduces new

complications into the standard experimental procedure.

A method well suited to investigating the line pipe steel fracture initiation and propagation is the
acoustic emission (AE) monitoring technique [7, 8]. Fracture phenomena such as crack initiation
and propagation lead to the emission of high-frequency acoustic waves [9, 10] which can be

detected and analysed by an AE monitoring system.

The word ‘acoustic’ is derived from the Greek word akoustikos, which has to do with ‘hearing’

[7]. Acoustic emission testing is recognized as a non-destructive testing (NDT) method, and is
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commonly used to detect and locate the faults in mechanically loaded structures and components.
‘Acoustic emission’ refers to the generation of transient stress/ displacement waves, following
rapid release of energy from localized sources such as crack initiation sites, and, fracture
propagation and dislocation in metals [8, 11]. Elastic energy is transmitted through the material
in the form of transient elastic waves that can be detected by sensors on the surface of the
specimen. The sensor converts the elastic wave signal into an electrical signal which is then
processed and analyzed by special hardware and software. The AE technique can provide

comprehensive information on the initiation of a discontinuity (flaw) in a stressed specimen [12].

The AE method is an effective tool for detecting crack initiation during static and dynamic
testing. However, most of the above studies report only qualitative analyses of the AE
parameters and their correlation to the fracture parameters. To date, there is no general theory as
to what frequency ranges could be attributed to a given fracture mechanism. This is due to the
variation in fracture mechanisms with different material and test types. Usually, the AE
technique is used to detect only the onset of fracture. This is not a trivial task because the AE
signal can be adversely influenced by unwanted ‘noise’. In addition, AE signal analysis can be
significantly complicated by incorrect experimental settings. Although a substantial amount of
qualitative research has been published, there is need for experimental validation. Also,
quantitative dependences of the AE parameters on the fracture parameters (e.g. brittle or ductile
mode of propagation, crack growth rate, etc.) are not completely understood. Consequently, no

recommendation exists to relate the AE parameters to the fracture parameters.
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1.1.1 Thesis aims and objectives

The primary objective of this project was to gain in—depth understanding of the mechanical
properties and fracture behavior in line pipe steel. It is believed that this work will provide a
more detailed understanding of the fracture characteristics of line pipe steel and in turn help
develop a new pipeline fracture control model. Identifying defects where crack initiation is
possible and predicting crack propagation are of great importance in pipeline fracture control.
Therefore, the current research is aimed at developing a method for identifying fracture initiation
and propagation in the line pipe steels. It is believed that a combination of FEM simulation and
experimental work using the AE monitoring technique can lead to a better understanding of the

properties and fracture mechanisms in the line pipe steel.

The main objectives of this study are:

e Establishing qualitative and quantitative relationships between the line pipe steel fracture
and the AE parameters:

e Understanding the influence of loading conditions on the AE parameters;

e Investigation of the possibility to use the AE technique for the detection of fracture
initiation;

e The development of dependence between the AE parameters and the crack growth
parameters;

e Quantitative correlation of the AE parameters to fracture modes;

e Investigating fracture initiation and propagation using FEM simulations;



Chapter 1: Introduction

During mechanical testing, the fracture process was observed using a high-speed camera in
conjunction with the digital image correlation (DIC) technique. Variations in AE parameters
were analyzed using the ‘Average Hit’ feature and Wave Form and Power Spectrum
methodologies. These were correlated to the load-displacement and load-time curves obtained

during testing.

1.1.2 Thesis outline

This thesis consists of 7 chapters. Chapter 1 provides an introduction to the pipeline fracture

mechanics and the AE technique. The thesis aims, objectives and outline are described.

Chapter 2 reviews the available literatures in six parts. The first part contains a review of the
available literature on the pipeline fracture control. The second part contains an account of
reported pipeline fracture tests such as the CVN and SENT tests. The principles of AE
monitoring, AE wave modes, AE signal analysis, AE sources and the possible relationship
between the AE parameters and the fracture parameters are presented in the next two parts. Part
five reviews the AE monitoring of mechanical tests including the tension test and the impact test.
An AE study on pipeline steel is also added. Part six is a summary of the literature review and

the gaps in current knowledge.

Chapter 3 presents the experimental facilities/equipment used in this study: CVN test and SENT

test machines, AE instrumentation, a high-speed camera, a scanning electron microscope and the
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DIC technique. The finite element (FE) software used to investigate fracture phenomenon of line

pipe steel is also introduced.

Chapter 4 describes the application of the AE monitoring technique to SENT tests carried out on
the line pipe steel specimens. Information on the loading conditions, steel grade, specimen type
and the effect of fracture mode on AE is presented. The identification of fracture initiation and

the dependence of the AE parameters on crack growth are analyzed and discussed.

In Chapter 5, the application of AE monitoring to CVN impact testing is presented. The effects
of temperature and specimen thickness on the fracture initiation and propagation are studied,
using instrumented CVN testing of the line pipe steel. The load-time and load-deflection curves
are correlated to AE signal characteristics and the effects of frequency distribution on fracture

behavior of line pipe steel is analyzed and discussed.

In Chapter 6, FEM simulations of the CVN and SENT tests on X70 line pipe steel are described.
Detailed information on the crack initiation and propagation is obtained from the FEM
simulation results. Comparisons between the experimental results and the simulations are

presented and analyzed.

Chapter 7 summarizes the main findings of this research. Important conclusions are presented,

along with suggestions and recommendations for future research.
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2 LITERATURE REVIEW

This chapter presents background information on the pipeline fracture, the principles of AE
monitoring and the use of an acoustic emission to investigate fracture mechanics. This review
also examines the difficulties related to the application of the AE technique to the pipeline

fracture.

2.1 Pipeline fracture control

A gas pipeline failure can have a catastrophic impact on the environment in the vicinity of the
failure. It may cause public injury and lead to a high repair cost. Pipeline failure may result from
a number of causes such as local defects in the pipe wall and plastic deformation damage due to
ground movement [1]. Failures of high-pressure fluid pipelines have been reported ever since
natural gas transportation in long-distance pipelines began. The first cases of brittle running
fracture were reported in North America and Europe in the 1950s [3]. Several long running
fracture accidents resulted in the establishment of fundamental pipeline research in the 1960s and
1970s, aiming to investigate new tools to prevent fracture propagation. These investigations led

to an increased understanding of fracture control.

Sustainable growth in the oil and gas transportation industries requires an increase in the
diameter/ length and operating pressure of the pipeline, which in turn requires an increase in the
strength of the line pipe steel. To ensure reliable operation, public safety, and environmental

protection, the design of pipelines must include strategies for fracture control. In the pipeline
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industry, prevention of pipeline steel fracture is a significant issue that is approached with a view
to control fracture initiation and fracture propagation [13, 14]. The fracture initiation may occur
due to a manufacturing defect, design error, or mechanical damage in the form of a notch, crack,
dent, or gouge, or due to corrosion (e.g. hydrogen-induced cracks and sulfide stress corrosion
cracks). Major factors that influence fracture initiation are: the size and orientation of flaws, pipe

diameter and wall thickness, toughness, temperature, and fluid pressure [15].

When a defect reaches a critical length, or when a certain stress level is reached, the fracture will
start to propagate. Once the fracture is initiated, it may propagate for long distances in either
brittle or ductile modes. In theory, a brittle fracture could propagate indefinitely unless arrested
by mechanical crack arrestors, while a ductile fracture could be self-arresting. Fig.2.1 shows
typical patterns of the pipeline fracture propagation. Fracture propagation in pipelines can be
divided into two types: brittle fracture for low-toughness steel and ductile fracture for high-

toughness steel [16].

122-244m's 244457m/s >437 m's

Fracture Speed

Fracture Appearance
Ductie Shear Muoed Fracture Bnttle Chevron/Cleavage

——
/3 &0
Fracture Patterns

1 Crack Path 10or 2 Paths Multiple Paths
Arrest Possible None Observed

Fig.2.1 Fracture Patterns [16].
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The fracture control philosophy of any pipelines conveying a pressurized gas considers two

aspects [17] as shown in Fig.2.2: (1) Fracture initiation control and, (2) Fracture propagation

control. The fracture initiation control can be achieved by providing sufficient fracture initiation

resistance, while the fracture propagation control can be achieved by ensuring sufficient fracture

propagation resistance such that a running fracture is arrested as quickly as possible, generally

within one pipe length [3, 18]:

Fracture initiation control

A

Fracture propagation control

AN

( '

Failure Rupture?

Leal

_‘\\

Ves Arrest? Ha Propagation

Leak

Fig.2.2 Fracture control plan of gas pipelines [17].

If the toughness required to arrest a running fracture cannot be attained, it may become necessary

to use crack arrestors [19]. The crack arrestors in the form of clock springs or a thicker wall pipe

section are usually installed to ensure that a propagating fracture will stop within three pipe

spools. A Crack arrestor is schematically illustrated in Fig.2.3.
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Crack Movement

Gas Flow into Gas Exitt fom Breach

Arrestors

Pipe Walls Mave
Transverse 1o Crack

Fig.2.3 General scheme of crack arrestor [19].

2.1.1 Brittle fracture propagation

There have been several accidents due to long and unstable brittle fracture propagation reported
in North America and Europe since the 1950s [20]. In 1953, an event involved a brittle fracture
that propagated up to 16 km [21]. There is a large difference between the decompression wave
velocity in natural gas (380-440 m/s) and the brittle fracture velocity in the pipe material (450—
900 m/s). This means that once a brittle fracture is initiated, it will propagate indefinitely through
the pipe material due to the unchanged pressure at the fracture tip [3, 4]. Fig.2.4 shows an

example of brittle fracture propagation in a pipeline [22].

10
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Fig.2.4 Brittle fracture propagation [22].

In 1958, the Pipeline Research Committee was formulated with a view to find ways to prevent

brittle fracture failures in pipelines [3, 23].

Since the 1960s, extensive research has been carried out to prevent and control brittle fracture
failures in pipelines. It was found that a sufficient condition for brittle fracture propagation
control is controlling the ductile-to-brittle transition temperature (DBTT) of the pipeline material
[24, 25]. DBTT is the temperature above which the fracture propagates in a brittle mode, while
below the DBTT the fracture propagates in a ductile mode. If the pipeline operating temperature
is below the DBTT, the brittle fracture occurs via the elastic mechanism (cleavage) with a high
fracture propagation speed (~450-900 m/s) [16] . On the other hand, if the pipeline operating
temperature is above the DBTT, the ductile fracture occurs via an elasto-plastic (shear)
mechanism with a much slower fracture speed (~200 m/s) while also absorbing more energy [21,
26]. The drop weight tear test (DWTT) was developed in the 1960s and widely used to predict

the DBTT of line pipe steel. The CVN impact test can also be used to determine the DBTT.

11
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However, a correction factor must be applied to the DBTT predicted by a CVN test to estimate
the DBTT of a full-scale pipe test. Since the 1970s, the pipeline industry has been generally

successful in preventing brittle fracture propagation.

2.1.2 Ductile fracture propagation

A propagating ductile fracture is another possible cause of pipeline failures [27]. Although the
propagation speed of a ductile fracture is relatively low (about 60-250 m/s) [2, 28], a ductile
fracture can still travel for a long distance (several hundred meters) if the gas decompression
wave speed drops below the ductile fracture propagation speed under the right operating

conditions [1, 2].

Whether a ductile fracture can propagate or not is largely dependent on the relative magnitudes
of the fracture speed of the pipe material and the speed of the decompression wave in the
gas/fluid that is transported by the pipe. The speed of pipe material fracture is a function of the
pipe geometry, material properties and the stress at the crack tip [16, 29]. Fig.2.5 shows the
effect of ductile fracture propagation in a pipeline [30]. In order to prevent such fractures, the
line pipe steel must have sufficient toughness and strength to ensure that the pipeline fracture
speed is always lower than the gas decompression wave speed during the entire fracture
propagation process. The crucial parameter in the ductile fracture propagation control is the

toughness of the line pipe steel, which can be determined experimentally by a CVN test [18, 31].

12
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Fig.2.5 A typical running ductile fracture [30].

The Battelle Two-Curve method (BTCM) is a semi-empirical analytical method that was devised
to predict the minimum toughness required to arrest a running ductile fracture [20, 32]. The
BTCM has been widely used for ductile fracture control in pipelines. The model consists of the
superposition of two curves: the gas decompression wave speed curve and the fracture
propagation speed curve [33, 34]. Each is plotted as a function of pressure. Fig.2.6 shows a
single gas decompression wave speed curve, and three fracture speed curves corresponding to
three values of pipeline material toughness. If the gas decompression wave speed curve intersects
a fracture speed curve (as in the case of Curve 1), the fracture and the gas decompression wave
that is driving the fracture propagation will travel together at the same speed. This implies that
the fracture velocity will not decrease and the fracture cannot self-arrest. In principle, this
fracture will propagate indefinitely. If, on the other hand, there is no intersection (as in the case
of Curve 3), the decompression wave speed is higher than the fracture speed for all pressures. As
the gas pressure wave outruns the fracture, it leaves a reduced pressure in its wake until the

pressure at the crack tip finally falls sufficiently to cause the fracture to arrest.

13
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The limiting condition between fracture arrest and fracture propagation is thus represented by the
tangency between the gas decompression wave speed curve and the fracture propagation speed
curve (Curve 2). Since the fracture curve is related to the toughness of the line pipe steel, the
toughness corresponding to Curve 2 gives us the minimum material toughness required to arrest
a running ductile fracture. According to this method, to prevent a running ductile fracture, the

gas decompression wave speed must be greater than the fracture propagation speed.

. (Gas decompression Practure
g2 «—Curve |
&% «—Curve 2
2 > *Curve 3
&,
E % Increasing
2 E toughness
J
Operating Pressure

Pressure

Fig.2.6 Schematic of Battelle Two Curve Method [33].

14
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2.2 Pipeline fracture tests

2.2.1 Charpy V-notch impact test

The Charpy V-Notch (CVN) test is used to determine the toughness (i.e. the energy absorbed by
the specimen during fracture) of the line pipe steel. Fig.2.7 shows a schematic representation of a

CVN tester. The CVN test involves striking the specimen with a striker (hammer), mounted at

the end of a pendulum.

ar

HAMMER

e e r E e -—-——-w

Fig.2.7 Schematic diagram of a CVN Impact tester.

The sample is fractured in a testing machine having a massive, pendulum-like hammer that
swings in a vertical arc. The Charpy specimen is placed in the machine anvil using tongs such
that the freely falling hammer strikes the specimen on the side opposite to the notch at the

bottom of the vertical arc. The purpose of the notch is to promote failure of the specimen when

15
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subjected to a high impact force (Fig.2.7). The value of toughness recorded indicates the energy
imparted by the hammer to the specimen (or absorbed by the specimen) upon impact to fracture
the specimen. This is based on the difference in hammer heights at the start of the test (h;) and

after the specimen fractures (hy).

The CVN test procedure and the dimensions of the test specimens were as recommended in the
Australian standard-1544.2 [35]. The arrangement of the supports (anvil), the striker and the
specimen are shown in Fig.2.8.

a)

R1to 15 Relieving recess

F2 to 25

7

1 ) o
Taper of im“ 30
20
supports 1:51 i
Striker
7, -
l( Z ]\
Z //;f//’ Standard test piece
Supports

b) | =~

T, 00 |
7 .

|
Believlng recess——7, Standard test pisce

Fig.2.8 Anvil, CVN specimen and striker: (a) top view and (b) front view [35].

The specimen that fits in the Charpy impact tester is rectangular with a notch cut on one side.
The notch represents a predetermined crack initiation location. Charpy specimens, in particular
the notches, are carefully designed and prepared, since variations in notch dimensions will

seriously affect the results of the tests. The specimens are smoothly machined and polished to a

16
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smooth finish, and adhering to the tolerances given in Fig.2.9 is necessary to achieve accurate

results.
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Fig.2.9 CVN specimen: (a) top view; (b) side view; (c) Notch detail; (d) Subsidiary specimens

[35]

High energy readings indicate high material toughness. As the hammer strikes each specimen
after falling from the same height, imparting the same high strain rate and stress to each
specimen, and because the standard notch produces identical stress concentration conditions in
the specimens, the CVN test can isolate the effect of temperature on toughness. To determine the
effect of temperature, a series of samples are fractured over a wide range of temperatures. Their
toughness values are recorded and a graph, of energy absorbed as a function of test temperature
drawn. These tests are typically performed at low temperatures, or over a range of temperatures,

to observe the dependence of toughness on temperatures. In the majority of cases, it is required

17
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that the material fracture is in a ductile manner at all temperatures around the intended service
temperature. Besides absorbing energy, the lateral expansion of the fractured samples and the
percentage of shear area on the fracture faces, can also be determined and shown, as a function
of test temperature. Such graphs yield several important pieces of information: the ductile-to-
brittle transition temperature range separating ductile from brittle fracture behavior, the upper
shelf energies (energy plateau) showing ductile fracture behavior and the lower shelf energies
showing brittle fracture behavior. These energy values specify the properties of line pipe steel

and safe operating temperatures to prevent fracture.

The fracture toughness of pipeline steel as obtained from the CVN impact test is one of the
important critical factors in ensuring the structural integrity of pipelines. The pipeline steel is
required to be able to dissipate enough energy to arrest a crack if it is initiated. This criterion can

be assessed by a CVN test [36, 37].

The impact energy and shear area obtained from the CVN tests can be related to the structural
behaviour full-scale testing of the line pipe. The shear area requirement from the CVN test is
used to ensure that the line pipe steel is on the upper shelf at the minimum design temperature of
the pipeline. The impact energy requirement is used to ensure that the toughness of the pipeline

steel is sufficiently high to arrest a running ductile fracture.

CVN testing is also used to determine whether a line pipe steel specimen experiences a ductile-
to-brittle transition with decreasing temperature. The ductile-to-brittle transition is related to the

temperature dependence of the measured impact energy absorption [38].

18
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Fig.2.10 shows the measured toughness of temperature. It is noticed that the transition process is
not sudden and it can be so arranged that the fracture consists of both brittle and ductile modes
[1]. At higher temperatures the absorbed energy is relatively large, corresponding to a ductile
mode of fracture. As the temperature is lowered, the impact energy drops suddenly over a
relatively narrow temperature range. Below this range, the energy has a constant but small value
which implies that the mode of fracture is brittle. Toughness is largely affected by micro-

structural factors, while the transition temperature is influenced by the effective grain size [22].

4 MICROSTRUCTURE
DBTT DESIGN

Toughness Target
(Joule)

Toughness
Target

L

Temperature (°C)

Fig.2.10 Toughness as a function of temperature [22].

The appearance of the failure surface is indicative of the nature of fracture, and may be used to
determine the DBTT. For the ductile fracture, this surface appears fibrous or dull (or of ‘shear’
character). Conversely, totally brittle fracture surfaces have a granular (shiny) texture (or

‘cleavage’ character). Over the ductile-to-brittle transition, features of both types will coexist.
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2.2.2 Single edge-notched tension test

Pipelines can be subjected to severe deformations and local defects resulting from bending
generated by ground/soil movement or washout during installation and operation, and biaxial
loading originating from longitudinal straining and internal pressure [1, 39, 40]. To fully explain
pipeline failure, research is needed to develop a better understanding of the mechanical
properties and fracture behavior (initiation and propagation) in both traditional and newly
developed pipeline steels. Earlier, it was mentioned that the dynamic fracture toughness (Charpy
energy) of pipeline steel can be determined by CVN impact testing. The static fracture toughness
of pipeline steel can be obtained from a different type of fracture test, such as a single edge
notched tension(SENT) test. Therefore, one of the representative specimens used to evaluate the

fracture characteristics of the pipeline was designed to be compatible with a SENT test.

The fracture toughness data obtained from a SENT test can be more suitable for fracture
predictions of pressurized pipelines and cylindrical vessels than data obtained from notched

fracture specimens under bending and impact loading [41].

TYYEY

Fig.2.11 (a) Schematic loading condition for a pressured pipe; (b) SENT test specimen [41].
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This is because a SENT test specimen notch resembles surface cracks in pipes more closely, and
generates a similar stress field at the crack tip (Fig.2.11). The fracture toughness obtained using
SENT specimens has been recommended by DNV-OS-F101 [42] and DNV-RP-F108 [43].
Recently, a British Standard for the SENT test method has been developed based on DNV-RP-
F108. However, the toughness value obtained from the SENT test should be correctly applied to

full-scale pipe components.

2.2.3 Finite element simulation of CVN and SENT tests

Three-dimensional fracture simulations of both CVN and SENT tests have been carried out using
the commercial FEM software. These simulations provide a better understanding of the fracture

and plastic deformation of the small scale specimen.

The ductile crack growth of the line pipe steels at ambient temperature proceeds via the
nucleation, growth and coalescence of micro-voids. As the specimen is loaded, the local strain
and stress at the crack tip become sufficient to cause nucleation of voids. These voids grow as
the crack blunts, and link with the main crack [40] . The Gurson-Tvergaard-Needleman (GTN)
constitutive model has recently become increasingly popular to simulate the growth of voids

during deformation.

a) Gurson-Tveergard —Needleman (GTN) Constitutive model

21
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The simulation of ductile fracture and plastic flow localization can be carried out using the GTN
model. For a porous solid with voids volume fraction f ( with the voids randomly distributed),

the yield function can be expressed as follows [44]:

b (0.f ,3) = 2+ 2qufeosh(LI) —1 — (quf )P = 0 (2.1)

where the constants g; and g, were introduced by Tvergaard [45] to bring the predictions of the
model into closer agreement with the full numerical analyses using a periodic array of voids; on,
and o, are the mean normal and effective parts of the average macroscopic Cauchy stress o, and

& is the yield stress of the matrix material.
Ductile damage can be correlated to the void volume fraction, f, which is controlled by local

strains. The evolution (time rate of change) of f can be expressed as the sum of two terms

representing the evolution of void nucleation and growth:

f:fgrowth + fnucl (2.2)
As the material around the voids is considered to be volume-conservative (i.e the volume of the

matrix does not depend on void number and size), the void growth rate can be related to the

plastic volume dilatation rate as follows:
fgrowth =(1-f)- é;fk (2.3)
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where - é? are the components of the mesoscopic plastic strain rate tensor.

The void nucleation rate can be determined by:

Fuet = & e (= 1(22)') (2.4

whereeP is the main effective plastic strain rate of the material; ¢, is the mean void nucleation
strains: s,, is the corresponding standard deviation of the distribution; f, is controls the amplitude

of the nucleation rate.

Once the failure by void coalescence is initiated according to a specific criterion, numerically it
is preferable to simulate the material separation gradually, rather than suddenly. Therefore, a
modification using the parameter f* instead of fin Eq.(2.1) has been proposed by Tvergaard and

Needleman [45, 46]:

f iff<f

fr=1p phidfe :
I RIS

(2.5)

where f. is the critical void volume fraction at which the voids coalesce, f; is the void volume

fraction at failure of the material and /" = 1/q is the ultimate void volume fraction.
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b) Simulation of CVN testing

Many researchers have developed both two-dimensional and three-dimensional explicit dynamic
finite element simulations of the CVN test for structural materials with the GTN constitutive

damage model.

A model of the ductile-to-brittle fracture transition of the pressure vessel steel was developed by
Tanguy et al. [47]. The simulation included a detailed description of the material visco-plastic
deformation over a wide temperature range. The ductile behaviour was modelled using a Gurson-
type model. The CVN test was simulated using a full three-dimensional mesh while accounting
for adiabatic heating and contacts between the specimen, the striker and the anvil. The developed
model was well suited to simulating ductile tearing. It was shown that quasi-static and dynamic

tests could be consistently modelled.

A methodology to correlate the upper shelf energy (USE) of the full-size and sub-size Charpy
specimens of a nuclear reactor pressure vessel plate material was proposed by Schubert et al.
[48]. It was found that the USE could be normalized using a factor involving the full-size
dimension of the Charpy specimen, the elastic stress concentration factor, and the plastic
constraint at the root of the notch. The normalized values of the USE were found to be invariant
with the specimen size. Moreover, the ratios of the USE for un-irradiated material to that for
irradiated materials were also found to be approximately the same for full-sized, half-sized, and

one-third-size specimens.
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Experiments and finite element simulations of Charpy tests on X70 line pipe steel were
performed by Thibaux et al. [49]. Ductile fracture was simulated using the GTN damage model.
It was observed that the ductile fracture did not break the sample into two parts. The crack was
found to propagate for about 6 to 7 mm, after which it deviated and stopped growing when the
crack reached the wider part of the sample due to bending. FE simulations showed that this
resulted in a quasi-constant force during a ~10 mm displacement of the hammer. The
consequence was that more than 25% of the energy was dissipated in a different fracture mode at
the end of the test. FE simulations also showed that damage had already occurred when the load
reached the maximum value, but that the damage had almost no influence on the load for two-
thirds of the displacement at the maximum load. This implies that more than 27 J were dissipated
by plastic bending before the initiation of the crack. From the findings of this study [49], it can
be concluded that the results of the CVN test are very sensitive to crack initiation and that only a
limited part of the test can lead to a meaningful description of crack propagation. Therefore, it is
questionable if the CVN test is suitable for predicting the crack arrest capacity of steels with high

crack initiation energy.

Thibaux [37] carried out instrumented CVN tests on X70 line pipe steel specimens along with
FE simulations using the GTN model. The simulations provided a new insight into crack
propagation during the impact test, via a detailed analysis of the crack length during each test.
This method allowed a more accurate description of the crack propagation than those provided
by traditional approaches using the impact energy criterion. The method is mainly based on the
reduction in the slope of the load-deflection curve once the crack is initiated. The application of

the CVN test as a measure of the crack arrest capacity of a material was discussed. FE
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simulations showed that the maximum energy absorbed during an impact test ranges from 400 J
to 500 J, which can be calculated as a case without crack initiation. Increasing the impact energy
of the material led mainly to an increase in the resistance to crack initiation, but it did not

guarantee an improved resistance to crack propagation.

c) Simulation of SENT testing

A number of researchers have carried out simulations of tensile tests to investigate ductile
fracture [50-53]. Oh et al. [54] developed a phenomenological model of ductile fracture for API
X65 steel using the GTN model. Experimental tests and FE damage simulations using the GTN
model were performed for smooth and notched tensile bars, from which the parameters in the
GTN model were calibrated. Comparison of experimental data of pre-strained notched tensile
and fracture toughness tests with FE damage analyses showed good agreements, suggesting the
validity of the calibration parameters. The developed GTN model was applied to predict the pre-

strain effect on deformation and fracture and the results were compared with experimental data.

Chen et al. [52, 55] developed three-dimensional FE simulations of SENT tests were performed
on the line pipe steel, using GTN constitutive model. Ductile fracture initiation and propagation
were investigated. The main objective of this study was to develop a three-dimensional FE
simulation of the fracture that allows investigation of the ductile fracture in a SENT specimen for
the chosen line pipe steel. The load-displacement curve obtained from the numerical modelling

was in good agreement with the experimental load curve. The simulation provided fracture
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evaluation at any node and element of a structure and stress/strain and load/displacement are

determined.

Nourpanah et al. [56] presented a fracture simulation of a SENT specimen with various notch
lengths using the GTN model to predict ductile crack growth. Their results showed that half of
the simulated SENT specimen demonstrated similar fracture behaviour of the pipe with various

dimensions and internal pressure.

2.3 Acoustic Emission (AE) monitoring

The Acoustic emission (AE) testing technique has been recognized as an effective non-
destructive testing (NDT) method that can be used to detect and locate faults in mechanically
loaded structures and components. AE can provide comprehensive information on the initiation
of a discontinuity (flaw) in a stressed material. The word “acoustic” is derived from the Greek

word ‘akoustikos’, refers to hearing [7].

Acoustic emission is a phenomenon whereby transient stress waves or displacement waves are
generated following the rapid release of energy from localized sources such as crack initiation
sites, fracture propagation and dislocation motion in metals [8, 11]. Elastic energy is transmitted
through the material in the form of transient elastic waves and can be detected by sensors on the

surface of the specimen (Fig.2.12).
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Fig.2.12 Schematic of AE monitoring technique.

The sensor used in the AE measurement converts elastic waves into electrical signals which are
then processed and analyzed by special hardware and software. Useful AE signals need to be
distinguished from the background noise generated from the surroundings [57, 58]. Fig.2.13
shows typical acoustic emission signal types. There are two main types of useful AE signal:
‘burst’ and ‘continuous’. Burst AE signals correspond to individual events such as stages of
crack growth, brittle fracture and impact. Continuous AE signals correspond to sustained signals
generated by time-overlapping events such as plastic deformation, friction and liquid leaks [11,
59]. It has been demonstrated that continuous low-amplitude AE signals are generated from low-
energy sources. Discrete high-amplitude AE signals are generated from high-energy sources

[60].

AMPLIFIER ::::; on CONTINUOUS
NOISE EMISSION

Fig.2.13 Typical AE types [61].
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Studies of AE gained momentum in the late 19" century [62]. The characteristic sound of a
material being bent was analyzed during the twinning of tin and zinc. Since then a number of
studies have reported that audible sound could be received from plastic and shear deformation of
an alloy of aluminum and manganese [63]. In the 1940s, the following attempts were made to
correlate AE to material behavior: Robert Anderson carried out further scientific research on AE
during tensile testing of an aluminum alloy beyond its yield point, Erich Scheil attempted to link
the formation of martensite in steel to audible noise emission [64], and Friedrich Forster, in
collaboration with Scheil, studied audible noise emission during the formation of martensite in

high-nickel steel [64].

The most important experimental achievement was that of Kaiser [7, 8] in the 1950°s, who wrote
his PhD thesis entitled "Results and Conclusions from Measurements of Sound in Metallic
Materials under Tensile Stress”. Kaiser carried out a systematic study on AE using electronic
instrumentation for the first time [65]. He used tensile tests to determine the characteristics of AE
in engineering materials. The result from his investigation was the observation of the
irreversibility phenomenon that now bears his name, the ‘Kaiser Effect’. Fig.2.14 shows the
Kaiser effect during mechanical testing, in which the cumulative emission is plotted against the
applied load. As the load increases from Point A to Point B, AE is observed to increase but not
upon unloading (line B->C). Upon reapplying the load (line C->B), no AE is observed until
Point B is reached again. Further increasing in the load increases the AE (B—>D). The absence
of detectable AE at a fixed sensitivity level until the previously applied stress levels are exceeded

was termed the ‘Kaiser effect’.
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Fig.2.14 The Kaiser Effect during tensile test [65].

Since Kaiser’s research, other researchers have continued to investigate AE during crack growth.
In 1954, after becoming aware of Kaiser’s research, Bradford Schofield [62] established the first
research program on applications of AE to material engineering and on sources of AE, in the
USA. He found that AE was mainly a ‘volume effect” and not a ‘surface effect’. This allowed the
AE technique to be applied to investigate material characterization and to structural evaluation.
In the late 1960s and 1970s, many scientists formed AE working groups for the exchange of
ideas and information, paving the way to systematic research. The most significant research
achievement during this period was the discovery that dislocations were the main source of AE
[66]. Currently, the AE technique is used in many industries for different types of materials and

structures as a non-destructive testing method.

A major advantage of AE measurement is that it can monitor in real time the development of

defects occurring inside the material without further damaging the material [67, 68]. However,
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for some applications, the operating environments are often very noisy, while the AE signals are

usually very weak. This makes the detection of the AE signal a challenging task.

2.3.1 AE system

An AE acquisition system usually consists of a sensor, an amplifier, and data acquisition and

analysis software as shown in Fig.2.15. An AE elastic wave is detected by the sensor and the

signal is then amplified and digitalized [62, 69].

AE-
wave
1
Couplant Frequency _.l A/D converter
filter
| Feature
AE- Data Extraction
Sensor buffer _
J: Transient
recorder
Pre-
amplifier AE-channel plug-in {1 of N)
Analysis- Acquisition
Software CPU software
Data presentation ata storage
Personal Computer

Fig.2.15 A schematic of AE acquisition system [69].

The transducer (sensor) is the most important element for the quality of AE wave acquisition. A
good sensor should be highly sensitive, have a wide frequency range and be easily attached to

the specimen surface [70]. Fig.2.16 presents a schematic diagram of a typical sensor. Wide band
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sensors (with piezoelectric element) have been used in many applications. They are very useful
where the frequency analysis of the AE signal is required. Fig.2.17 shows various AE wideband

SENSOrs.

Case j
.

Damping
Material

Electrode

Piezoelectric
Element

Wear Plale

Couplant

Fig.2.16 Schematic of an AE sensor.

Fig.2.17 Commercial AE sensors.

In order to improve the transmission of elastic wave signal, a proper coupling agent must be used

to provide an effective contact between the sensor and the test material. There are several agents
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commonly used, such as silicone grease (high vacuum grease), oil, glue and ultrasonic gel, and

magnetic clamp [71].

The sensor is connected to a preamplifier by a cable. The amplifier is usually placed close to the
sensor to minimize electromagnetic interference. The amplifier amplifies the AE signal to usable
voltage and has plug-in frequency filters to eliminate mechanical noise and background noise
[72].

The data acquisition system digitizes the AE waves and allows real-time processing of AE

waveforms. AE software manages all data acquisition, graphing and analysis.

2.4 AE signal analysis

2.4.1 AE wave modes

Acoustic waves are created and propagated when an unbalanced force occurs due to internal

changes in a stressed material. This unbalanced force appears when there is sudden plastic strain

or sudden formation of a new surface in the material. For example, in a brittle material, a new

surface is suddenly created and material near the new surfaces quickly migrates in the direction

of the unbalanced tractive forces [73]. The wave equation is:

pit =F(x,t) + A+ 2wW)V(V-u) — uVX (VX u) (2.6)
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where p is the material density, u is the particle displacement at the position (X) and time (t), F is
the external driving force per unit volume (often zero), V- represents the force on unit volume
resulting from the stress field gradients in all three directions X _(1,) X_(2,) X _(3,), A is the
elastic constants known as the Lameé constants, [ is the shear modulus and (A+2p) is the elastic

modulus applicable to unidirectional tensile/ compressive strain.

The mechanical elastic waves propagate through solid materials in a number of modes such as

longitudinal, transverse, and surface, as shown in Fig.2.18.

Fig.2.18 AE Wave modes: (a) longitudinal, (b) shear, (c) surface.

The longitudinal waves, body or bulk waves are called ‘primary’ or ‘P’ waves. In a P wave,
particles oscillate parallel to wave propagation. In a shear (‘S’) wave the oscillations are

perpendicular to the direction of wave propagation. A ‘Rayleigh’ wave, also called a ‘surface’
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wave, is the wave in which the particle motion in planes normal to the surface and parallel to the

direction of the wave propagation.

2.4.2 AE signal analysis

There are two approaches to analyze AE signals: ‘Parameter-based’ and ‘Waveform-based’ [8].
Several AE parameters, such as oscillation count, amplitude, energy, event duration and rise
time, can be derived from the AE signal. The major parameters used in the parameter-based

analysis of the AE signal are shown in Fig.2.19.
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Fig.2.19 AE parameters.

These parameters are characterized as follows [74]:
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Peak amplitude: Amplitude (A) is the highest peak voltage attained by an AE waveform. This is

a significant parameter which is directly related to the magnitude of the AE event. The AE

amplitude is measured in decibel (logarithmic) scale.

Threshold: Recording is triggered once the output signal reaches a set threshold value. This value
IS set to remove as much noise as possible, but care should be taken so that a weak AE signal

does not escape detection by setting the threshold too high.

Hit: A signal that exceeds the threshold value and causes a system channel to accumulate data is
known as hit, thereby describing an AE event. The Event Rate is the number of events/hits per
unit time. AE hits are individual signal bursts produced by local changes in the material. The hit

count is the number of times a signal crosses a preset threshold.

Energy: Integral of the rectified voltage signal over the duration of the AE hit (see Fig.2.19)

Energy of the signal conveys information about the strength of the AE source.

Energy=A(db)+10log(D) (2.7)

Count (N): Number of AE hits that exceed the threshold value. Count rate is also used regularly

and denotes the number of counts per unit time.

Average Frequency: Determines the average frequency in kHz over the entire AE event.
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_ AEcounts

= — [kHz] (2.8)
Duration

AF
Rise time: The time it takes from the first threshold crossing to reach the maximum amplitude.
Rise amplitude-rise time divided by Amplitude this can be used to arrange signals from tensile

and shear crack.

Duration(D): The time spans from the first threshold to the end of the last threshold crossing.

The AE waveform and frequency analysis is usually carried out using Fast Fourier Transform
and Wavelet Transform [9,10, 57]. Identification of the AE signal can be based on the type of
AE waveform and its frequency range. Fig.2.20 shows two AE waveforms: ‘burst’ and
‘continuous’. Burst-type AE signals are discrete signals corresponding to individual events such
as stages of crack growth, brittle fracture or impact. On the other hand, continuous AE signals
are sustained signals generated by events such as plastic deformation, friction and liquid leaks

[11].
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Fig.2.20 AE signals: (a) burst and (b) continuous [11].
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The AE analysis during the fatigue cracking was investigated using waveform analysis with
frequency spectrum [10]. There were three types of waveforms, each with corresponding
frequency spectrum from micro-cracks. Fig.2.21 shows that waveform and its frequency
spectrum from fatigue cracking (a) and (b); fretting (c) and (d); and noise (e) and (f). The micro-
crack (a) and b) had strong high frequency components above 0.5 MHz in comparison with

fretting and noise, although peak amplitude was generally low.
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Fig.2.21 Wave forms and corresponding frequency spectra [10].

2.4.3 AE sources

Generally, an AE signal is generated upon the initiation and growth of cracks, due to slip and
dislocation movements, twinning, or phase transformation in metals. In these cases, stress plays
an important role in giving rise to AE. Plastic deformation is induced by permanent changes in

the positions of atoms in metals. These changes are related to and based on the movement of the
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dislocations [62]. In addition, fracture occurs when the material breaks and new surfaces are
produced. Fig.2.22 presents the AE sources from steel. The major macroscopic AE sources from
steel specimens are crack jumps, development of plastic deformation, fracturing and de-bonding
of hard inclusions. The main microscopic AE sources include dislocation movement, interaction,

annihilation, slip formation, void nucleation, void growth and void interaction [75-77].

: combina
E SOURCES

. 236
~fiucleation |—" 6.9 1¢¢

.

Fig.2.22 AE source from steel in the micro and macro structure [62].

The most detectable AE signals are generated when a loaded material undergoes plastic
deformation or when a material is loaded at or near its yield stress [78]. AE activity can also be
observed when the material ahead of the crack tip undergoes plastic deformation (micro-
yielding). In primary emissions arising from crack growth, there are two sources of cracks that
affect the AE [79]. In the first case, there may be emissive particles (e.g. nonmetallic inclusions)
in the stress concentration region near the crack tip. Since these particles are less ductile than the

surrounding material, they tend to break more easily when the metal is strained, resulting in an
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AE signal. The second AE source is the propagation of the crack tip that occurs as a result of the

movement of dislocations and small-scale cleavage produced by tri-axial stresses.

The amount of energy released by an AE and the amplitude of the waveform are proportional to
the magnitude of the event. Large and discrete crack jumps will produce larger AE signals than
cracks that propagate slowly over the same distance. An AE signal arising from crack
propagation may be of a higher frequency than that arising from plastic deformation. An AE
signal arising from brittle fracture has a higher frequency than that arising from ductile fracture.
Generally, the highest frequency is observed for brittle fracture, crack and crack growth, while
lower frequencies are observed for plastic deformation [57]. However, there is no general
recommendation to attribute specific frequency ranges to a given fracture mechanism because
fracture-related AE features vary with material type, sample geometry [80] and the parameters of

the AE acquisition system [8].

Table 2.1 Acoustic emission factors vs changes of AE amplitude.

AE Amplitude

Increase Decrease
High strength Low strength
High strain rate Low strain rate
Low temperature High temperature
Anisotropy Isotropy
Heterogeneity Homogeneity
Thick sections Thin sections
Brittle failure (cleavage) Ductile failure (shear)
Material containing discontinuities Material without discontinuities
Martensitic phase transformations Diffusion controlled phase transformations
Crack propagation Plastic propagation
Cast materials Wrought materials
Large grain size Small grain size
Mechanical induced twinning Thermally induced twinning
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Table 2.1 [81] shows factors that generally tend to increase and decrease the amplitude of
acoustic emission.lt can be seen from Table 2.1 that an AE signal arising from crack propagation
may be of higher amplitude than one arising from plastic deformation. An AE signal generated at
low test temperature may correspond to higher AE activity than one generated at high test
temperature. Moreover, an AE signal from brittle fracture has a higher amplitude than that from

ductile fracture [57].

Energy conservation during crack growth for ductile and brittle fracture is shown in Fig.2.23.
There are three type of source energy released from crack growth: surface energy, plastic
deformation and AE event energy [73]. Surface energy is the energy needed to disband single
layers of atoms that form the newly created surface. This surface energy is greater in ductile
fracture than brittle fracture. In ductile fracture, most of the energy is dissipated in plastic
deformation and a small of energy is generated from AE energy. On the other hand, in brittle
fracture, more than two thirds of the energy goes to AE energy and the remainder comes from

plastic deformation and surface dis-bonding.
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Fig.2.23 A schematic of energy distribution before and after fracture behavior [73].
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General characteristic trends of AE features from various AE sources are shown in Table 2.2.
There is no general theory as to what frequency ranges should be attributed to a given fracture
mechanism, due to variation in the fracture mechanisms with varying material and test types.
Although a substantial amount of qualitative research data have been published, a considerable
experimental study should be carried out to validate the correlation of the quantitative parameters

of AE signals with the parameters of AE sources.

Table 2.2 General Characteristics of AE waveform features from various sources.

AE waveform parameters
AE Factors Amplitude | Frequency | Duration Rise Count | Waveform/ Ref
range content time signal type
sources
Fracture Ductile fracture Low Low Long Low Low | Continuous [57]
modes signal
Brittle fracture High High Short High High | Burst signal
Material Plastic deformation Low Low long Low - Continuous [10]
behavior signal
Crack initiation and High High Short High - Burst signal [82,
propagation 83]
Crack type Tensile mode-I High High Short high Longitudinal [8]
wave
Shear mode-II Low Low long low Shear wave
Notch Notch specimen High - - - low - [84]
effect Plain specimen Low - - - high -
Strain rate High Strain rate High - - - - - [85]
effect Low strain rate Low - - - - -
Temperatu | Low Temperature High High Short high - Burst signal [10]
re effect High Temperature Low Low Long low - Continuous
Noise Constant Low - - - Circular [10,
effect waveform 57]
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2.4.4 Relationship between AE parameters and fracture parameter

The dependence of the AE signature on fracture parameters is a significant and interesting
problem that calls for new research. Important early attempts were made to correlate AE with
plastic deformation size using stress intensity factors. Based on fracture mechanics, the stress
concentration at the front of the crack tip can be expressed in terms of the stress intensity factor
(K). The ‘plastic zone model’ was developed to relate the stress intensity factor to the AE
parameter. The material gives the highest rate of AE when it is loaded to the yield strain.

The size and shape of the plastic zone ahead of the crack are determined from linear elastic

fracture mechanics concepts [40].

-1 [K_l]z (2.9)

y am L9ys

a=2 or 6 (plain stress or plain strain)

where K is the stress intensity factor, E is the elasticity modulus and oys is the yield stress.

Strains at the crack tip vary at r® where r is the radial distance from the crack tip.

Elastic-Plastic

Fig.2.24 Plastic zone ahead of the crack tip [40].
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N o V, (2.10)
where N is AE count rate, V), is the volume strained between &y (yield strain) and g, (uniform

strain).

The plastic zone model leads to development of the following equations for a=2

V, =m(ry —1)B = nBl (L)zr - £ (2 )2]2 _ B M] K* (2.11)

an 47[(E£y ey)

where B is the plate thickness.
The relationship between acoustic emission counts and volume of the crack tip is as follows:
V, = BoIN (2.12)

where By is a proportionally constant and Y N is the total cumulative acoustic emission measured

during test.

Combination of Eq.(2.11) and Eq.(2.12) indicates that the AE count rate (N) from a specimen
containing a crack is proportional to the forth power of the stress intensity factor (K)
[86].

NooK* (2.13)
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It was found [86] that the acoustic emission count is proportional to the stress intensity factor

during tensile test of six beryllium fracture specimens (Fig.2.25).
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Fig.2.25 AE counts as a function stress intensity factor [86].

Palmer and Herald investigated the application of acoustic emission measurement to fracture
mechanics related to the calculation of the total count prior to failure as function of defect size
[87]. They found that acoustic emission count was directly proportional to the plastic zone size.
During fracture tests of pressure vessel steel, the AE count rose rapidly until a yield point and
then fell down because of the decrease in the expansion of plastic zone. It was also observed that

most of the acoustic emission activities appeared before 2% strain during rising load [86].
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Fig.2.26 Load and AE count [86].

Dilipkumar and Wood [88] developed a quantitative relationship between fracture toughness,
fracture mode and acoustic emission parameter including cumulative count. They proposed that

the cumulative AE counts (N) is proportional to the crack length as described by:

Noofa (2.14)

where B is the value of proportionality constant which is related to fracture toughness and

fracture mode and material properties.

Palmer and his co-workers [89] investigated the relationship between AE parameters and fracture

parameters. They found that the acoustic emission count was linearly proportional to the crack

opening displacement.
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Blanchette proposed [90, 91] that the cumulative ring-down count was proportional to the
number of fractured second particles and the volume of material being plastically strained during

the crack growth. They have developed following equation:

N(2) =Lt v G (%) d(a/w) (2.15)

- _,2V+2 Ja
w 6(1v)ayw

where N is the AE cumulative ring-down count, a, is the initial crack length, B is the thickness,

D, is the density of inclusion-type particle (it can be measured on image analyzer).
G=(1-v¥)K?/E (2.16)

where G is the elastic energy release rate, v is the Poisson’s ratio, E is Young’s modulus and

ay is the yield stress.

Another equation linking the AE count to the fracture parameter was developed by Lysak [92]

which is expressed as:

N = M (2.17)
oKL F(Ky) _ KE —Kfy K? — K}
= F(Ky) = > +In 5 5
K{ +Ki K K — Ky

a1 = Paz; a; =azE/a; az =mnofoy,/6E

47



Chapter 2: Literature Review

where B is a proportionality factor.K% and K%, are the critical and initial values of K1, o is the

material yield stress and E is the elasticity modulus.

Fig.2.27 shows good agreement between prediction (curve) by Eq.(2.15) and the experimental
AE data (symbols). The white and black squares symbols in the figure represent the results of
grey cast iron and Ti3Al respectively, while the white and black circles symbols represent the

high strength and malleable cast iron.
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Fig.2.27 Dependence of acoustic emission Fig.2.28 Dependence of frequency and K
count and stress intensity factor [91]. (points from experimental result) [92].

Lysak [92] also found that there was a good agreement between the experimental and theoretical
results for AE signal frequencies and stress intensity factor during compact tension specimens

made of aluminum alloys as shown in Fig.2.28.
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2.5 Acoustic emission monitoring of mechanical testing

This section reviews that acoustic emission monitoring of mechanical testings such as tensile test

and Charpy impact tests, and the application of the AE monitoring in gas pipeline.

2.5.1 AE monitoring during tensile test

A number of AE studies have been performed for tensile tests: i.e. detection the burst AE signal
near yielding [10]; identification of AE activity originating from movement of dislocations [93],
and AE wave parameters arising from macro-yielding [84]. Others researchers have studied the
relationship between AE features (such as signal amplitude, frequency, energy, duration and
count) and the parameters of mechanical testing (load, stress and crack growth) during tensile
testing of notched and plain metal specimens [82, 85, 91, 94-96]. AE Energy along the stress-

strain curve during tensile testing of Q345 steel is shown in Fig.2.29.
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Fig.2.29 Stress Vs Strain and AE Energy [85].
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It can be seen from Fig.2.29 that, the tensile process could be classified into four stages: (1)
micro-plastic deformation, (2) yield, (3) strain hardening and (4) necking and fracture.
Significant AE energy is expended in mainly the first and second stages during tensile testing.
AE energy decreased in stage |11 and the density of AE activity increased at the final stage due to

the occurrence of specimen fracture. These observation were common in metals [93, 97].

More studies confirmed that the AE count increased significantly around the yield point due to
an increase in the movement of dislocations [98] and the initial stage of the deformation [99].
Fracture tests were carried out to detect AE signals associated with crack initiations [96, 100,
101] and crack growth in metals [83, 97, 102, 103]. AE activity observed during tensile testing of
specimens of AISI 316 stainless steel has been analyzed to correlate the power spectra of various
stages of plastic deformation [104]. It was found that the predominant frequency had a low value
of 140 kHz obtained in the uniform deformation region of the stress-strain curve. In the necking
region, the AE activity is associated with micro-void coalescence and crack growth, and is higher

than the AE activity resulting from any dislocation.

Fig.2.30 presents the cumulative AE count, AE count rate, and stress versus strain relationship
during a tensile test [105]. The cumulative AE count is the sum of the count of all AE events.
The AE count rate is the time derivative of the AE cumulative count. The beginning portion of
the linear elastic region is very quiet with low count rates and cumulative counts. This is

associated with an incubation stage. The AE activity reaches its peak in the second stage right
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before yielding occurs

until the material fails.

Stress, AE Count Rate, and Cumulative AE Count

. After the material yields, the AE activity decreases, but is still detectable

Stress

Strain

Fig.2.30 Stress, AE count Rate and Cumulative AE count vs Strain [105].

The effect of notched and unnotched specimens of stainless steel on acoustic emission was found

in Ref. [84]. The purpose of the study was to investigate comparative analysis of AE activities

from unnotched and notched specimens with varying notch lengths. The major observations

were:

1) Acoustic activities in the region prior to and during yielding of the specimens with the

presence of notches are higher compared to that in the unnotched specimens,

2) AE generated in the notched specimens in the region prior to and during yielding

increases with increase in the notch length,

3) AE generated in both unnotched and notched specimens decreases with increase in

nominal strain,
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4) AE generated during necking elongation is more for the notched specimens than the

unnotched specimens,
5) The relation between the AE total count and the stress intensity factor is linear in the

logarithmic scale as shown in Fig.2.31. The exponent in N=AK™ is found to lie between

4.56 [
4.32

m=1.11-1.93.

4,08 - g
=
=]
=2
3.84 -
360 —
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0.54 0.98 1.12 1.26 1.40 1.54 1.68
log K

Fig.2.31 Acoustic emission count (N) Vs Stress intensity factor (K) [84].

2.5.2 AE monitoring during dynamic impact test

Weiss [106] and Ochiai [107] performed dynamic fracture toughness tests of high strength
materials to study the AE signal resulting from crack initiation and propagation. It was found that
emissions resulting from crack initiation and propagation in the brittle mode could be recorded
using high-frequency transducers and that emission associated with plastic deformation could be
recorded using low-frequency transducers. In other studies by Richter et al [108, 109] modified

CVN specimens of 10CrMo 9 steel with 20 % side grooves were used to detect the onset of
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tearing. They performed a dynamic three-point bending test using AE sensor coupled with an
instrumented machine and located inside the hammer of the tester (Fig.2.32). This study
investigated dynamic fracture behavior and determination of fracture initiation using the AE
method. The main purpose of the investigation was to use the dynamic J integral (Jiq) at crack
initiation and dynamic yield stress (Gyq) for the characterization of elastic-plastic material

behavior under rapid loading (impact).
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Fig.2.32 Load and AE signal from instrumented three point impact loading [108].

The possibility of detection of split formation during low-blow Charpy impact (40-100 Joules)
testing was also shown for high strength steel by Kostryzhev et al. [9]. AE waveform analysis
was carried out to separate signals generated from the hammer, plastic deformation and split
initiation.Fig.2.33 shows acoustic waves and power spectra during testing of strip steel

specimens at 60 J and 80 J impact energies. The AE waves were generated from split crack
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initiation and growth in two peak amplitudes between 200-500 kHz and 500-1000 kHz. It is

indicated by a shorter duration of the fracture process than that of deformation by dislocation

slip.

Voltage _..(mV) vs Time (1) Power (dB) vs__F.r_g_q_E.u.gncy (kH2)
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Fig.2.33 Acoustic emission during CVN at 60J and 80J impact energies [9].

Tronskar et al.[110] applied a different approach to determine the onset ductile tearing in
instrumented Charpy testing of NVE 36 steel. A linear correlation was found between the time
of ductile fracture initiation determined by the AE monitoring and direct displacement
interferometric strip method. The AE signal was divided into three phases with respect to test

duration. Phase | (frequency range 499 kHz to 693 kHz) was associated with strong oscillations,
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friction and yielding. In contrast, ductile tearing occurred in Phase Il (with a longer duration than
Phase I; frequency range 400 kHz to 639 kHz). Phase 11l was related to brittle fracture which
resulted in a higher AE peak amplitude than Phase Il and the frequency ranging from 493 kHz to

278 kHz. Fig.2.34 shows load, AE and displacement curves at 0°C for CVN specimen.
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Fig.2.34 Load, AE Vs Time for CVN sample at 0°C [110].

2.5.3 AE study on pipeline steel

The possible use of AE monitoring to identify defects such as leaks and cracks in pipelines has
been explored [111, 112]. Several experimental studies have demonstrated correlations between
AE features and fracture of line pipe steels during tensile tests [61, 113] , compacting tests [114,

115], bending tests [116] and fatigue tests [103].
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Ingram et al. [61, 117] studied the AE activity in a number of structural steels including X60
pipeline steel during tensile and bending tests. They observed significant effects of the yield
deformation on AE activity and that an increased AE count could be obtained due to
discontinuous yield. In general, the AE activity was found to increase with increasing strength

and reducing toughness.

Ostby et al. [118] investigated the possibility of correlating the AE signal amplitude with
cleavage (micro-crack) size during a three-point bending test on X65 line pipe steel. SEM
imaging of the isolated cleavage area (micro-crack) for the X65 steel specimen showed that the

corresponding AE signals had an amplitude of 60-110 dB.

Yusof et al. [103] studied AE activity of X70 pipeline steel subjected to fatigue. It was found
that crack initiation was indicated by a rapid increase in the AE count value at positive peak

stress.

Capelle et al. [119] compared the local fracture of pipeline steels such as X52, X70 and X100
using three-point bending tests to analyse the effect of hydrogen concentration on fracture while
simultaneously recording AE. The AE technique was used to identify the onset of fracture. A
study of the local strength of notched specimens in presence of hydrogen revealed the
dependencies of the fracture initiation energy from the notch (U;) and the total fracture energy
for the specimen (Us). Points on the ‘‘load—displacement’’ diagram, corresponding to fracture

initiation and total fracture were identified on the basis of the AE analysis.
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Almeida et al. [120] studied the behavior of high-strength and low strength line pipe steels
during tensile testing using the AE technique. It was found that the AE signal can indicate local
plastic deformation before the macroscopic yield for both types of steel and thus enabled

detection of damage in the early stages of loading.

Drew et al. [113] used AE during tensile testing of X42, X60 and X65 line pipe steels. It was
found that the amplitude of events was relatively small and the number of events was low. Most
of AE activity detected at around yield was for high-strength X65 steel. It was observed that
crack tip blunting and crack initiation of X65 steel could be identified due to a large increase in

AE events with a burst-type waveform.

2.6 Summary

The main findings from the literature review can be summarized as follows:

1) Predicting the presence of defects in line pipe steel, as well as identifying crack initiation
and propagation, are of crucial importance in fracture control of pipelines. To fully
explain pipeline failure, research is needed to develop a better understanding of the
mechanical properties of pipeline steel and fracture initiation and propagation in pipeline
steels.

2) Numerical simulations of the CVN impact tests and SENT tests on line pipe steel can be
performed using the commercial finite element software with the Gusron-Tveergaard-

Needleman (GTN) constitutive model.
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3)

4)

5)

6)

7)

8)

9)

The AE technique can be applied to investigate defects in pipelines, and is more effective
than other non-destructive techniques.

There are two types of AE analysis: parameter-based and waveform-based. A
combination of both types of analysis is needed in the present research.

To date, there is no general theory that correlates frequency ranges with fracture
mechanisms. This is due to the variation in fracture mechanisms with material, test types
and AE data acquisition hardware.

During AE monitoring, separating the AE signal due to fracture initiation from
background noise presents a major challenge. Such noise may be generated due to
machine operation and the test environment.

The literature review indicates that quantitative dependences of AE parameters on the
fracture parameters (e.g. brittle or ductile mode of propagation, crack growth rate, etc.)
are not completely understood. Consequently, no recommendation exists to relate the AE
parameters to the fracture parameters.

The relationship between the AE parameters (such as amplitude and frequency) and the
fracture parameters during SENT tests (such as crack initiation and crack growth rate)
has not received much attention.

The quantitative dependence of the AE parameters (such as amplitude and frequency) on
fracture parameters during Charpy impact tests (such as ductile or brittle fracture mode,

and fracture growth rate) is not yet fully understood.
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3 MATERIALS AND EQUIPMENT

This chapter gives detailed information on the specimens and equipment used in this study.

3.1 Line pipe steels

Two grades of pipeline steels, API-X70 and API-X80, were used in this study. Their chemical
compositions are shown in Table 3.1and

Table 3.2. All X70 specimens used in SENT and CVN tests were cut from a pipe with 14.1 mm
wall thickness and 1067 mm diameter. All X80 specimens were prepared from a pipe with 25

mm wall thickness and 1067 mm diameter.

Table 3.1 Composition of X70 pipeline steel.

C Mn Si Nb Ti V Ni Cr
0.0499 1.56 0.238 0.0576 0.0088 0.0256 | 0.214 0.028
Cu Mo Al Ca N S P B
0.163 0.148 0.035 0.0015 0.0036 0.0014 | 0.0059 0.0001
Table 3.2 Composition of X80 pipeline steel.
C Si Mn |P S Cu Alt Nb Ni Cr |Ti Ceq | Pcm
0.064 | 0.22 | 1.72 | 0.006 | 0.002 | 0.23 | 0.027 | 0.068 | 0.206 | 0.22 | 0.0158 | 0.42 | 0.18

The mechanical properties of the line pipe steels were obtained by tensile tests carried out in
accordance with the Australian Standard AS 1391-2007: Metallic materials-Tensile testing at
ambient temperature [121]. Fig.3.1 shows the stress-strain curves for the two materials and Table

3.3 lists the major mechanical properties.
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Stress-Strain Curve, X70 and X80
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Fig.3.1 Stress-strain curve for X70 and X80 steels.

Table 3.3 Mechanical properties of X70 and X80 line pipe steel.

Young Poisson Yield Ultimate | Density
modulus ratio stress stress
X 70 | 190 GPa 0.31 530 MPa | 605 MPa | 7710 kg/m®
X80 | 210 GPa 0.34 610 MPa | 750 MPa | 7780 kg/m®

3.2 Single edge-notched tension (SENT) test

The SENT tests were carried out using an Instron 8801 servo hydraulic dynamic testing machine
as shown in Fig.3.2. The machine has console software which provides full system control from

a computer including waveform generation, calibration, limit set up, and status monitoring. The
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testing system includes up to a 100 kN axial force capacity, a Dynacell load cell, standard height

frame options and a wide range of grips, fixtures and accessories.

(= -

Fig.3.2 The Instron 8801 servo hydraulic dynamic testing machine.

Fig.3.3 shows the geometry of a SENT specimen conforming to DNV RP F108 specifications
[43]. The geometries of specimens were 12 mm in width, 6 mm in thickness and 60 mm in gauge
length and they had a notch representing an initial ‘crack’ of 2 mm in length and 0.3 mm in
width. This ‘crack’ was cut using wire cutting. The crack (notch) depth was a third of the

specimen thickness.
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Specimen Geometry:
Gripped area B- width

W- represent the pipe wall thickness (t)

W, a-Initial crack length

7 H- “Day-light between grips”

Requirement of the specimen geometer:

Gnpped area

H=10W,

B=2W:;
\ As -
0.2< a/W<0.5;

If the reduction on wall thickness due to pipe

i [ D ill han 15%
(mm) | (mm) | (mm) | (mm) dimension (D/t) will be more than 15%

6 12 60 2 0.3 (w<0.85 t) the specimen width, B may be

reduced but not to less than B>W:

Fig.3.3 The geometry of a single-edge notched specimen used in this work.

3.3 Charpy V-notch (CVN) Impact test

In this study, the CVN impact tests were carried out using a 450MPX instrumented Instron

Impact tester as shown in Fig.3.4. The capacity of this machine is 750 J. The load can be

measured using a load cell in the striker, and the displacement is obtained from a transducer to
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measure the rotation of the hammer. The absorbed energy is determined by measuring the
difference in the hammer descent. The area under the load-displacement curve also gives the

total energy consumed in the test. Fig.3.5 shows a typical load-displacement curve.

Fig.3.4 (a) 450MPX instrumented Instron Impact tester; (b) Charpy specimen location.

Load Vs Deflection Curve
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Fig.3.5 A typical load-deflection curve of an instrumented Charpy test.
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The temperature of the specimen can be controlled by a cooler, as shown in Fig.3.6. The cooler
used methanol to cool the specimen down to -80°C and a mixture of liquid nitrogen and
methanol to cool the specimen below -80°C.

.. > 0

."
—l—!

e —

Fig.3.6 Charpy cooler.
3.4 AE instrumentation

Fig.3.7 shows the AE signal processor, manufactured by the Physical Acoustics Corporation
(USA). The system consisted of a wideband sensor with an operating frequency range of 50 kHz
t01000 kHz and an operating temperature range of -65°C to +175°C, a single-channel AE Digital
Signal Processor with an internal low noise preamplifier and a USB connection to a computer

[122].
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Fig.3.7 A single-channel AE Digital Signal Processor.
The AE signal was recorded and analyzed using the AE Win software. This software has the
ability to analyze waveforms, and conduct Fast Fourier Transforms (FFT). All data is saved in
standard Physical Acoustics Corporation (PAC) defined DTA files for use with AE Win replay,

AE Win POST and other PAC analysis programs.

3.5 High-speed camera

Redlake’s MotionPro X camera was used in this study as shown in Fig.3.8. MotionPro X system
has a wide variety of dynamic range options including a unique and proprietary extended
dynamic range mode (XDR). They also feature excellent sensitivity and frame rates, including a
1280x1024 resolution at 1000 or 2,000 fps for superior resolution at high speeds. The camera is
supplied in internal memory of 8GB and minimum shutter time is 1us (optional 100 ns). The
cameras feature a USB 2.0 digital interface and Giga-Ethernet (1000 Mbps) that provides true
and easy plug-and-play installation and capable of transfer at a high-speed rate to a desktop or

laptop computer with a single cable.
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Fig.3.8 High-speed camera.

3.6 Digital image correlation (DIC) system

The digital image correlation (DIC) system is an optical measuring device for non-contact and
three dimensional measurements of shape, displacements and strains on components and
structure made from materials [123]. The Dantec Digital image correlation system Q-400, as
shown in Fig.3.9, was used in the study of SENT testing. The DIC system consisted of the DIC
pair high speed cameras, illumination (red lights), electronic and timing-hub, tripod and fixations

and software ISTRA 4D.

Fig.3.9 Digital image correlation apparatus.

Before testing, the specimens needed to be painted a white background and black dots on the
surface for DIC software to identify and analyze the local displacement. The paint needed to be
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matted and not shiny as this will affect the readability of the specimens by the DIC pair camera.

A typical painted specimen is demonstrated in Fig.3.10.

Fig.3.10 A typical spray-painted specimen for DIC measurement.

3.7 Scanning electron microscope (SEM)

The JEOL JSM-6490LA, as shown in Fig.3.11, is a high performance, scanning electron
microscope with a maximum resolution of 3.0 nm [124]. Its asynchronous five-axis mechanically
eccentric stage with compucentric rotation and tilt can accommodate a specimen of up to 8-
inches in diameter (307.79 mm loadable). Standard automated features include Auto Focus/Auto

Stigmator, Auto Gun (saturation, bias and alignment), and Automatic Contrast and Brightness.
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Fig.3.11 Scanning electron microscope (SEM).

3.8 FE software

In this study, the LS-DYNA explicit code was used to model the CVN and SENT tests. LS-
DYNA is a general-purpose finite element program used to analyse the nonlinear dynamic
response of three-dimensional structures[125]. This simulation model was developed in the LS-
PREPOST, which is an advanced pre and post-processor that is delivered with LS-DYNA, and
saved into a K file. The K file was then uploaded to a supercomputer to preform parallel FEM
simulations. After the completion of the simulation, the results were downloaded to the PC and

analysed by the LS-PREPOST.
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4 ACOUSTIC EMISSION MONITORING OF SENT TEST

In this chapter, the fracture behaviour of the line pipe steel during single edge-notched tension

(SENT) was investigated using the acoustic emission (AE) monitoring technique. The work of

the chapter has been published in Material Science and Engineering A [126].

4.1 Experimental procedure

Seven groups of tests were carried out. They will be named Tests 1-7 in this chapter respectively.

Each group of tests were repeated twice or three times. Only one typical result will be shown and

discussed for each group of tests in the following sections. The conditions of all tests are shown

in Table 4.1.

Table 4.1 Testing conditions.

Test number Material grade Test type Temperature Strain rate
1 X70 Plain tension RT (20°C) 5.5x107
2 X70 SENT RT (20°C) 2.7x10™
3 X70 SENT RT (20°C) 5.5x107
4 X70 SENT -20°C 5.5x107
5 X80 SENT RT (20°C) 2.7x10™
6 X80 SENT RT (20°C) 2.7x107
7 X80 SENT RT (20°C) 5.5x10

Note: RT means room temperature

The geometry of the SENT samples has been described in Section 3.2. The sample used in Test 1

(Plain tension test) had the same geometry as the SENT sample, but it didn’t have the pre-
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machined notch. Test 2, Test 5 and Test 6 adopted a slower strain rate of 2.7x10™ compared to
the strain rate of 5.5x10° in other tests. Test 4 was conducted at a lower temperature of -20°C,
while other tests were performed at room temperature (approximate 20°C). The material used in
Tests 1-4 was X70 line pipe steel while the material in Test 5, Test 6 and Test 7 were X80 line
pipe steel. X70 specimens were cut using wire cutting from a 14 mm wall thickness, 1067 mm

diameter pipe. X80 specimens were cut from a 25 mm wall thickness, 1067 mm diameter pipe.

The experimental set up is shown in Fig.4.1. The tests were carried out in an Instron testing
machine described in Section 3.2. The AE monitoring system and high speed camera were used
in all the tests. During the tests the load was measured by the Instron machine and the extension

(displacement) of the specimen was measured by a 50 mm gauge length extensometer.

INSTRON TESTING MACHINE | = '

AE System PC 5

B =

‘} | : - - - =
= t, Testing machine PC
Camera Control PC

Fig.4.1 The experimental setup of the tensile testing.

70



Chapter 4: AE Monitoring of SENT Test

[ Amplifier ‘ AF acquisition
*T + ’ system ]
AE o _ [ Filter
sensor AE {lmg;nal '1" ’ - h 4 ~
I:ﬂﬁr—t)[ Preamplifier 1 Correlation of AE
’ & Fracture
B parameters
SENT N {_-, High speed N A d
specimen camera .
I | Load Vs
< |Displacement/Time|

Fig.4.2 A Schematic of AE measurement setup of SENT testing.

A schematic of AE measurement setup of SENT testing is illustrated in Fig.4.2. During testing
the AE sensor was attached to the specimen using a sticky band with ultrasound treatment gel
applied between the specimen and sensor surfaces as a coupling material to increase the signal
quality. All the recorded waveforms were analyzed in time and frequency domain (frequency
spectrum) using Fast Fourier Transform (FFT). The crack propagation during the SENT testing
was observed using a MotionPro X3 high speed camera with excellent resolution, up to 8500 ps
exposure time and up to 300 of frame/sec recording rate. After testing the fracture surface was

observed by JEOL JSM-6490LA SEM operating at 20 kV.

Additionally, the SENT test of X80 line pipe steel (Test 5) was also recorded simultaneously by
AE monitoring technique and Digital image correlation (DIC) method. The DIC method was
used to evaluate and measure plastic deformation around the notch and to confirm and monitor

the fracture process on the specimen surface.

71



Chapter 4: AE Monitoring of SENT Test

4.2 Experimental results

421 Testl

Fig.4.3 shows the load-displacement curve of Test 1. The load linearly increases with the
displacement at the early stage of deformation, namely elastic deformation, and then the
specimen yields at the displacement of about 1.5 mm. The yield point is determined by 0.2%
offset method. As the deformation proceeds further the specimen is subject to plastic
deformation. During the period of plastic deformation, the load still increases with displacement,
but the slope of the curve decreases. At the displacement of about 11 mm, the load reaches its

maximum value, followed by a decrease of the load until the end of the test.

Time, sec
0 20 a0 a0 80 100 120 140
T T T T T T T T T T T T T T 110
&0 ——Load m AE activity
I I IIT u - 100

Load, KN

Amplitude (dB)

Displacement, mm

Fig.4.3 Load-displacement curve, AE amplitude for Test 1.

Fig.4.4 (a) shows the recorded AE signals in Test 1. A large number of hits can be observed in
the figure. Three hits with higher amplitude values have been marked in Fig.4.4 (a). They are
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named as Hit A, Hit B and Hit C, respectively. The detailed signals of these three hits are given
in Fig.4.4 (b), (c) and (d), respectively. Hit A and Hit B are typical burst signals. They start with
a large amplitude and then the amplitude decays towards the threshold within a very short period.
Hit C also consists of burst signals. However most of its peak values have exceeded the

measurement limit.
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Fig.4.4 AE signals of Test 1.

(a) whole AE waveform; (b) waveform of Hit A; (c) waveform of Hit B; (d) waveform of Hit C.
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The amplitude and average frequency have been calculated for each hit and the results are

displayed in the same figure as the load-displacement curve (Fig.4.3). The load-displacement

curve can be divided into three regions as marked in the figure:

1)

2)

3)

Region I. This region is located before the yield point. Several AE hits with lower
amplitudes have been observed in this region. It is well known that these AE hits are
related to the elastic deformation and dislocation activities.

Region Il. This region is located between the yield point and the point with the
maximum load. There are a large number of hits in this region. The maximum
amplitude is 85 dB while the average frequency ranges from 150 kHz to 250 kHz.
These hits are believed to be caused by plastic deformation and fracture behavior. The
detailed discussion will be conducted in Section 4.3.3.

Region I11. This region is located after the maximum load point. The AE activity in this
region decreases compared to Region Il. The AE amplitude is up to 100 dB and the
average frequency is in the 100-150 kHz range. Necking is responsible for most AE
activity in this region. There are several extremely strong hits, including Hit C, at the

end of Test 1. This is due to the final separation of material in the test.

422 Test2

The load-displacement curve of Test 2 is shown in Fig.4.5. Test 2 was a SENT test. The

specimen had a pre-machined notch. Therefore, the total displacement to failure is much smaller

than Test 1 as shown in Fig.4.3. The material yields at the displacement of about 0.4 mm and

reaches the maximum load at the displacement of 1.5 mm. After the peak point the load
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gradually decreases. Beyond the displacement of 2.5 mm, the slope of the load-displacement

curve decreases.
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Fig.4.5 Load-displacement curve, AE amplitude for Test 2.

Fig.4.6 (a) shows the recorded AE signals in Test 2. Compared to Test 1 (Fig.4.4 (a) ), less hits
are observed in Fig.4.6 (a). Three hits, Hits A, B and C marked in Fig.4.6 (a), have been selected.
Their signals are detailed in Fig.4.6 (b), (c) and (d), respectively. It is clear that all three hits are

burst signals. The maximum voltage of Hit C is much higher than other two hits.
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Fig.4.6 AE signals of Test 2.

(a) whole AE waveform; (b) waveform of Hit A; (c) waveform of Hit B; (d) waveform of Hit C

The amplitude and average frequency are calculated from the AE signals. The calculated results

are displayed in company with the load-displacement curve in Fig.4.5. Similar to Test 1, the

load-displacement curve can be divided into three regions as marked in Fig.4.5.

1)

2)

3)

Region I. There are several hits in this region. The maximum amplitude is 45 dB and the
average frequency varies from 80 to 100 kHz.

Region Il. The AE activity increased compared to Region I. There are 7 hits in this
region. The maximum amplitude is 70 dB and the average frequency ranges from 100 to
350 kHz.

Region Ill. The AE activity is stable in accordance with the monotonous crack
propagation. At the end of this region the AE hit density increases following occurrence

of the multiple fracture events before separation of two parts of the specimen. The main
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AE signals observed in this region are of an amplitude of up to 75 dB and average

frequency of 200-400 kHz.

423 Test3

The load-displacement curve of Test 3 is shown in
Fig.4.7. This curve looks similar to that of Test 2. Test 3 had a lower strain rate of 2.7x10™ while
Test 2 had a higher strain rate of 5.5x10°. The effect of strain rate on the load-displacement

curve will be discussed in Section 4.3.1. Fig.4.8 shows the waveforms of AE in Test 2.
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Fig.4.7 Load-displacement curve, AE amplitude for Test 3.
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Fig.4.8 AE signals of Test 3.

(a) Whole AE waveform; (b) waveform of Hit A; (c) waveform of Hit B; (d) waveform of

Hit C.

Fig.4.7 shows the amplitude and average frequency in company with the load-displacement

curve. It can be observed that
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1) Region I. There are 2 hits in this region. The maximum amplitude is 50dB and the
average frequency varies from 50 to 150 kHz.

2) Region Il. The AE activity increases compared to Region I. There are 5 hits in this
region. The maximum amplitude is 80 dB and the average frequency ranges from 50 to
400 kHz.

3) Region Ill. The AE activity is stable in accordance with the monotonous crack
propagation. At the end of this region the AE hit density increases following occurrence
of the multiple fracture events before separation of two parts of the specimen. The main
AE signals observed in this region are of an amplitude of up to 75 dB and average

frequency ranges from 100-350 kHz.

424 Test4

The load-displacement curve of Test 4 is shown in Fig.4.5. Test 4 is a SENT tested at -20°C. The
total displacement to failure is similar to Test 3 as shown in

Fig.4.7. The material yields at the displacement of about 1.4 mm and reaches the maximum load

at the displacement of 4.5 mm. After the peak point the load gradually decreases. Beyond the

displacement of 3.1 mm, the slope of the load-displacement curve decreases.
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Fig.4.9 Load-displacement curve, AE amplitude for Test 4.

Fig.4.10 (a) shows the measured AE signals in Test 4. Compared to Test 3 (Fig.4.8 (a)), more
hits are observed in Fig.4.10 (a). Three hits, Hits A, B and C marked in the figure, have been

selected. Two of AE signals are detailed in Fig.4.6 (b), (c) and (d), respectively.
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Fig.4.10 AE signals of Test 4.

(a) whole AE waveform; (b) waveform of Hit A; (c) waveform of Hit B; (d) waveform of Hit C

Fig.4.9 shows the amplitude and average frequency in company with the load-displacement

curve. It can be observed that

1) Region 1. There are many hits in this region. The maximum amplitude is 50dB and the
average frequency varies from 50 to 150 kHz.

2) Region Il. The AE activity decreases compared to Region I. There are 3 hits in this
region. The maximum amplitude is 65 dB and the average frequency ranges from 100 to
350 kHz.

3) Region Ill. The AE activity is stable in accordance with the monotonous crack
propagation. At the end of this region the AE hit density increases following occurrence
of the multiple fracture events before the separation of two parts of the specimen. The
main AE signals observed in this region are of an amplitude of up to 60 dB and average

frequency ranges from 100-300 kHz.
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425 Testbs

The load-displacement curve of Test 5 is shown in Fig.4.11. Test 5 is a SENT of X80 line pipe

steel at a strain rate of 2.7x107* s
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Fig.4.11 Load-displacement curve, AE amplitude for Test 5.
Fig.4.12 (a) shows the measured AE signals in Test 5. Compared to Test 2 (Fig.4.8 (a)), more

hits are observed in Fig.4.10 (a). Three hits, Hits A, B and C marked in Fig.4.12 (a), have been

plotted. Three of AE signals are detailed in Fig.4.6 (b) (c) and (d), respectively.
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Fig.4.12 AE signals of Test 5.

(a) Whole AE waveform; (b) waveform of Hit A; (c) waveform of Hit B; (d) waveform of

Hit C.

Fig.4.11 shows the amplitude and average frequency in company with the load-displacement

curve. It can be observed that

1) Region I. There are 6 hits in this region. The maximum amplitude is 60dB and the

average frequency varies from 50 to 150 kHz.
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2) Region Il. The AE activity decreases compared to Region I. There are 2 hits in this
region. The maximum amplitude is 65 dB and the average frequency ranges from 100 to
300 kHz.

3) Region Ill. The AE activity is relatively stable due to the monotonous crack propagation.
The main AE signals observed in this region are of an amplitude of up to 80 dB and

average frequency ranges from 100-300 kHz.

426 Testb

The load-displacement curve of Test 6 is shown in Fig.4.13. Test 6 was a SENT test of X80 at a
lower strain rate of 2.7x10° s*. The specimen had a pre-machined notch. The material yields at
the displacement of about 0.5 mm and reaches the maximum load at the displacement of 1.3 mm.
After the peak point the load gradually decreases. Beyond the displacement of 2.2 mm, the slope

of the load-displacement curve decreases.
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Fig.4.13 Load-displacement curve, AE amplitude and Average frequency for Test 6.
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Fig.4.13 shows the amplitude and average frequency in company with the load-displacement
curve. It can be observed that

1) Region I. There are 3 hits in this region. The maximum amplitude is 45 dB and the
average frequency varies from 50 to 100 kHz.

2) Region Il. The AE activity decreases compared to Region I. There are 2 hits in this
region. The maximum amplitude is 50 dB and the average frequency ranges from 50 to
200 kHz.

3) Region Ill. The AE activity is stable due to the monotonous crack propagation. However,
the relatively strong AE signals are detected at the final stage of the test. These AE hits
are related to unstable crack propagation and final separation of the sample. The main AE
signals observed in this region are of an amplitude of up to 55 dB and average frequency

ranges from 100-200 kHz.

427 Test7

The load-displacement curve of Test 7 is shown in Fig.4.14. Test 7 is a SENT of X80 line pipe
steel at a strain rate of 5.5x10>. Test 6 had a lower strain rate of 2.7x10 while Test 7 had a
higher strain rate of 5.5x107%. The effect of strain rate on the load-displacement curve for X80

will be discussed in Section 4.3.1.
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Fig.4.14 Load-displacement curve, AE amplitude and Average frequency for Test 7.

Fig.4.14 shows the amplitude and average frequency in company with the load-displacement

curve.

1)

2)

3)

It can be observed that

Region I. There are 2 hits in this region. The maximum amplitude is 40 dB and the
average frequency is 100 kHz.

Region Il. The AE activity relatively decreases compared to Region I. The maximum
amplitude is 50 dB and the average frequency is 250 kHz.

Region Ill. The AE activity increases at the final stage of the test These AE hits are
related to unstable crack propagation and final separation of the sample. The maximum

amplitude of up to 60 dB and average frequency ranges from 100 to 250 kHz.
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4.3 Discussion

The load-displacement curves and the AE results have been given in Section 4.2 for all the tests.
The load at yield and the maximum load are collected from the curves and listed in Table 4.2.

Table 4.3 lists the ranges of both amplitude and frequency for each of three regions for all the

tests.
Table 4.2 Load at yield and maximum load.

Test Strain rate Steel grade Temperature Load at Yield Maximum Load

No. [s7] [°C] [N] [N]
1 5.5x107 X70 ambient 34575.25 44815.25
2 2.7x10" X70 ambient 27170.99 31500.15
3 5.5x107 X70 ambient 28885.99 33812.66
4 5.5x10” X70 -20 29391.39 36131.12
5 2.7x10™ X80 ambient 27275.15 32185.14
6 2.7x10° X80 ambient 27955.19 34959.85
7 5.5x10° X80 ambient 28945.86 35085.34
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Table 4.3 The waveform parameters during tensile tests in the studied steels.

Test Loading
No. | conditions (Strain | Region | Amplitude | FFT power spectrum | Suggested cause of
rate & [dB] frequency peak AE
temperature) [kHZz]
I <60 100-150 Elastic (straining)
I 40-80 100-250 Plastic deformation
1 5.5x10° I 50-70 150-400 Necking and final
at +20 °C fracture of the
(X70) specimen.
I 30-40 50-100 Elastic (straining)
] <30 100-300 Plastic deformation
2 2.7x10" st (dislocation )
at +20 °C I >40 150-350 Crack growth (void
(X70) coalescence)
I >40 70-120 Elastic (straining)
3 5.5x10% s I <40 150-400 Plastic deformation
at +20 °C (dislocation)
(X70) ] >45 150-350 Crack growth (void
coalescence)
5.5x107 s™ | 40-55 50-200 Elastic
4 at -20 °C I >50 200-350 Plastic deformation
(X70) I 40-60 100-300 Crack growth (void
coalescence)
I <40 100-250 Elastic (straining)
2.7x10™ I 50-65 200-250 Plastic deformation
5 at +20 °C (dislocation)
(X80) 1] 40-75 150-350 Crack growth (void
coalescence)
I <45 50-100 Elastic (straining)
6 2.7x107® I 50 100-200 Plastic deformation
at +20 °C (dislocation)
(X80) 1] 55 100-200 Crack growth (void
coalescence)
I <40 50-100 Elastic (straining)
5.5x10°% s I 55 200-250 Plastic deformation
7 at +20 °C (dislocation)
(X80) Il <60 100-200 Crack growth (void

coalescence)
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4.3.1 Effect of strain rate

4.3.1.1 X70 line pipe steel

Fig.4.15 compares the load-displacement curves of two cases (Test 2 and Test 3) with different
strain rates: 2.7x10™ st and 5.5x10° s, Both tests of X70 were carried out at ambient
temperatures. It can be seen that the two curves superpose up to the displacement of 1.65 mm.
After this critical displacement, the load of the slower deformation (2.7x10™ s) decreases while
the load of the faster deformation (5.5x107 s™) still increases for a certain displacement and then

decreases. Beyond the displacement of 1.65 mm, the load of 5.5x10° s™ is always higher than

that of 2.7x10% s,
40
——2.7E-04 5™ - — 55E-03s™
=z~ .
30 4 \
\
\
= \
< 20 \
g \
S \
\
10 4 \
\
\
\
A
0 T T T T T T T |\
0 1 2 3 4

Displacement (mm)

Fig.4.15 Comparison of the load-displacement curves of Test 2 and Test 3 with different

two strain rates.
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Fig.4.16 Comparison of AE amplitudes and frequency of Test 2 (a) and Test 3 (b) with

different strain rates.

Comparison of the load-displacement curves of Test 2 and Test 3 with different two strain rates
is shown in Fig.4.16. It can be seen that in Region | with an increase in strain rate the AE
amplitude increases from 35 dB to 50 dB, with some hits reaching 60 dB, and the average
frequency increase from 100 kHz for 2.7x10™ s™ strain rate to 150 kHz for 5.5x10° s™'strain rate.
In Region 11, with an increase in strain rate several strong bursts are generated in both cases (low
and high strain rate). The AE amplitude increases from 45 t070 dB and the average frequency is
in the range of 150-400 kHz. In Region Ill, with an increase in strain rate the AE amplitude
increases from 45 dB to 70 dB for 2.7x10™ s strain rate and 65 dB to 75 dB for 5.5x10° s

strain rate and the average frequency is in the range of 100 to 350 kHz.

4.3.1.2 X80 line pipe steel

Fig.4.17 compares the load-displacement curves of three cases (Test 5, Test 6 and Test 7) with

different strain rates: 2.7x10* s, 2.7x10° s and 5.5x10° s, These tests of X80 were carried
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out at ambient temperatures. It can be seen that the three curves superpose up to the displacement
of 0.65 mm. After this critical displacement, the load of the slower deformation (2.7x107° s%)
decreases while the load of the faster deformation (5.5x10° s) still increases for a certain
displacement and then decreases. Beyond the displacement of 1.05 mm, the load of 5.5x10° s™

is always higher than that of 2.7x103 s™.

Load-Displacement Curve, X80

——5.5E-03s*
40
- — 2.7E-03s*

- -2.7E-04 s*
30 S

20 4

10+

Displacement, mm

Fig.4.17 Comparison of the load-displacement curves of Test 5, Test 6 and Test 7 with different
three strain rates.

The AE waveform and frequency analysis can be a powerful tool to classify events related to

fractures [8] and distinguish them from noise [10, 57]. In previous works, the frequency

spectrum was shown to vary along the stress-strain/load-displacement curves following a

variation in the AE source operating during deformation and failure of steel [104, 127]. In the

present study, a dependence of AE activity on loading conditions is investigated. The strain rate

could influence AE activity during SENT (Fig.4.12, Fig.4.13 and Fig.4.16).
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For X80 line pipe steel (Fig.4.12 and Fig.4.13), with an increase in strain rate, in Region I, the
AE amplitude increases from 40 to 45 dB and the average frequency increased from 50-100 kHz
to 80-120 kHz. In Region Il - several strong bursts are generated from crack initiation. The AE
amplitude increases from 50 to 50 dB, and the average frequency increased from 200 kHz to 250
kHz. In Region Ill, the amplitude increases from 55 dB to 60 dB, the average frequency
increases from 100-200 kHz to 150- 250 kHz, and some strong burst signals observed in the end

of final fracture.

4.3.2 Effect of temperature

Fig.4.18 compares the load-displacement curves of Test 3 at the ambient temperature and Test 4
at -20 °C. Both tests were carried out at the strain rate of 5.5x10° s™. It can be seen that the two
curves superpose up to the displacement of 0.5 mm. After this critical displacement at around
yield point, the load of the lower temperature (-20°C) increases compared to the load of the room
temperature (+22°C) and then decreases. Beyond the displacement of 0.5 mm, the load of the
lower temperature is always higher than that of room temperature. At the final stage of the test,

both load curves are superpose.
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Fig.4.18 Comparison of the load-displacement curves of Test 3 and Test 4 with different
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Fig.4.19 Comparison of AE amplitudes of Test 3 and Test 4 with different

testing temperatures.
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The AE results in Fig.4.19 demonstrate that an increased AE activity in Test 4 was recorded in
Region | before the yield point when compared to the test at ambient temperature. In this region,
AE signals with amplitude in the range of 50-55dB and frequencies of 200 kHz are detected. A
significant increase in the AE hit density is observed in Region Il after the maximum load until
the final fracture. These hits with an amplitude of ~50 dB and an average frequency of ~100 kHz
are associated with crack growth. The relatively strong AE signals with amplitude of 60-65dB
and average frequencies of 100-300 kHz are detected at the final stage of the tests. These AE hits

are related to unstable crack propagation.

The testing temperature could lead to an increase of AE activity (Fig.4.18). It can be explained
by the increase in strength with decreasing temperature. It has been found that the yield and
maximum load values of the load-displacement curve are slightly higher at the low temperature
than at ambient temperature (Table 4.2). With a decrease in temperature, a significant increase in
the AE hit density is observed in Regions | and I1l. In Region I, the AE amplitude increases from
30-40 dB to 45-50 dB, and the average frequency increases from 50 kHz to 200 kHz. In Region
Il - the AE amplitude increases from 40 dB for ambient temperature to more than 50 dB for -
20°C, and the average frequency increases from 200-300 kHz to 300-400 kHz. In Region 1l - the
AE amplitude increases from 40 to 60 dB and the average frequency increases from 100 kHz to

300 kHz.

4.3.3 Effect of specimen type

Fig.4.20 compares the load-displacement curves of Test 1 and Test 3 at ambient temperature

with the strain rate of 5.5x10°° s. The specimen for Test 3 has a pre-machined notch. Therefore,
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the total displacement to failure is much smaller than Test 1 as shown in Fig.4.20. It has been

found that the yield and maximum load values of the load-displacement curve are higher for

plain specimen than the SENT.
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Fig.4.20 Comparison of the load-displacement curves of Test 1 and Test 3.
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Fig.4.21 Comparison of AE amplitudes of Test 1 (a) and Test 3 (b).
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Comparison of the AE results shown in Fig.4.21 indicates that the AE hit density during work
hardening is significantly higher for the plain specimens than that for the notched specimens. As
expected, the acoustic emission during testing of plain specimens is higher compared to the
notched specimens due to an increased sample deformation zone volume of the plain specimen in

contract to the notched specimen.

4.3.4 Effect of steel grade

Comparison of the AE results of X70 and X80 steels at a strain rate of 2.7x10™ s* and 5.5x10° s°

1 are discussed in this section.

4.3.4.1 A lower strain rate

The load-displacement curves of X70 and X80 steels at a strain rate of 2.7x10™ s™ are compared
in Fig.4.22. Both SENT tests were carried out at ambient temperatures. It can be seen that the
two curves superpose up to the displacement of 1.5 mm. After this displacement, the load of the

X70 curve decreases while the load of the X80 still increases for a certain displacement.

96



Chapter 4: AE Monitoring of SENT Test

40

30

20

Load (kN)

104 |

— X80-SENT

X70-SENT

Displacement (mm)

Fig.4.22 Comparison of the load-displacement curves of Test 2 (X70) and Test 5 (X80).
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Fig.4.23 Comparison of AE amplitudes of (a) Test 2 and (b) Test 5.

It can be seen from Fig.4.23 that the AE signal amplitude value of X80 are slightly higher

compared to X70 specimen. Other investigations have found similar trend [61, 97, 113] that AE

activity increase with an increase of steel strength.

In Region |, the AE signal amplitude increases from 40-50 dB to 50-60 dB, and the average

frequency is in the range of 100-150 kHz. In Region Il, the amplitude increases from 50-70 dB to
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60-75 dB. In this region, the fracture initiation is detected by a sudden change in acoustic
emission activity while the onset of plasticity is observed using DIC (Fig.4.11 (b) and (c) in
Region I1). In Region 111, an increased number of AE hits are generated by crack growth and the
AE hits density is enhanced at the end of this region. With an increase of fracture toughness for
high strength steel, crack growth becomes critical and significant AE signals are generated by
micro-void coalescence and alternating shear fracture [10]. The AE signal amplitude varies from
40 dB to 70 dB, with some strong burst signals reaching 75 dB at the final stage of the final

separation (Fig.4.11 (a)). The average frequency of 150-300 kHz is detected.

4.3.4.2 A higher strain rate

The load-displacement curve and AE activity of X70 (Test 3) and X80 (Test 7) steels at a strain

rate of 5.5x10° s™ are compared in Fig.4.24 and Fig.4.25, respectively.
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Fig.4.24 Load-displacement curve, AE amplitude for X80
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Fig.4.25 Load-displacement curve, AE amplitude for X70

It can be seen from Fig.4.24 and Fig.4.25 that with an increase in steel grade, in Region I, the AE
signal amplitude is in the range of 40-45 dB, the average frequency increases from 70-120 kHz
to 100-200 kHz. In Region I, the amplitude increases from 40 dB to 55 dB and the average
frequency is the range of 100-350. In this region, the fracture initiation is detected by a sudden
change in AE hit. In Region Ill, an increased number of AE hits are generated by crack growth

compared to X80 line pipe steel.

4.3.5 Determination of crack initiation point

As described in Chapter 2, the determination of fracture initiation plays a very important role in
the research of the pipeline fracture control. In this study, a high speed camera has been used to
visualize the moment when the fracture initiates. In order to analyze, the AE feature before

fracture initiation, Fig.4.26, Fig.4.27 and Fig.4.28 have been plotted in the following:
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Fig.4.26 Load-displacement curves vs AE activity obtained during testing of SENT specimens at

a strain rate of 2.7x10 s at ambient temperature.
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Fig.4.27 Load-time curves vs AE activity obtained during testing of SENT specimens at strain

rate of 5.5x10 s at -20°C temperature.
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Fig.4.28 Load-time curves vs AE activity obtained during testing of SENT specimens at strain

rate of 5.5x10 ° s at room temperature.

Fig.4.29 shows three pictures collected from the recorded video during SENT at strain rate of
5.5x10° 5™ at room temperature. The corresponding results are given in Fig.4.28. Fig.4.29 (a), (b)
and (c) correspond to three loading times, 0.01s, 3.85s and 4.15s, respectively. At the time of
0.01 s the stretching just started. At the time of 3.85s the sample was subjected to plastic
deformation. It can be seen that the crack is initiated at the notch tip at t=4.15s as marked by a
red circle in Fig.4.29. Fig.4.28 shows that the crack initiation occurred before the peak load was
reached and produced the AE signal of 75 dB amplitude and 350 kHz average frequency, which

are higher, than those of other AE hits.
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Fig.4.29 Selected video shots obtained by the high speed camera during testing at a strain rate of

5.5x10 2 s after () 0.01 s, (b) 3.85 s and (c) 4.15 s test time.

Fig.4.28 shows that there is a rapid change in AE activity; in particular an increase in the AE hit
density, signal amplitude and average frequency at around t=4.15s. It can be concluded that the
rapid change in AE activity in Region Il is caused by the fracture initiation. An AE hit with
relatively large amplitude can also be observed in the other tests. The video data confirms that
the fracture initiation is responsible for this event. This finding is similar to some earlier
published data. During compact and bending tests of SA333 steel a sudden increase in AE
cumulative count and cumulative energy was resulted from crack initiation [96]. During
mechanical testing of pressure vessel steel a high amplitude AE signal was initiated by the crack
growth [100]. However, in this study it has been found that the cumulative count is not an

effective parameter for detecting the fracture initiation point.
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Fig.4.30 The AE hit average frequency-amplitude distributions during testing of single edge

notched tension specimens for three loading conditions.

Fig.4.30 shows the AE hit average frequency-amplitude distributions during testing of single
edge notched tension specimens for three loading conditions.The power spectra corresponding to
Regions Il shows a larger number of high frequency peaks for the higher strain rate, compared to
that for the lower strain rate In addition, the power spectrum peaks occurred at higher
frequencies for the higher strain rate compared to these for the lower strain rate (Fig.4.30). These
observations can be attributed to crack initiation and propagation. The crack growth related AE
has been shown earlier to feature a strong high frequency content [10]. During the final stage of
loading, the frequency in Region 11l becomes high with an increase in strain rate and a decrease

in temperature. Selected AE hit waveforms and power spectra corresponding to the fracture
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initiation point in loading region Il during testing of single edge notch tension specimen at the

three conditions are shown in Fig.4.31.
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Fig.4.31 Selected AE hit waveforms and power spectra corresponding to the fracture initiation
point in loading region Il during testing of single edge notch tension specimen at the following
conditions: (a) +22°C temperature and 2.7x10 s strain rate; (b) +22°C temperature and of
5.5x103s™ strain rate; (c) -20°C temperature and strain rate of 5.5x10°s™;

4.3.6 Dependence of AE parameters on crack growth

Void growth and coalescence in ductile materials, such as the line pipe steel, are relatively

‘quiet’ processes. However, a certain detectable amount of AE activity can be generated by the

crack propagation in high strength steels [10]. In this study, a high speed video camera was used

to measure the crack length during the test (Fig.4.32 (a)) and the crack growth rate was then

calculated (Fig.4.32 (b)). Once fracture initiated at 4.15 sec (see red circle), the crack growth was
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slow until around 7 sec. Then the crack growth rate increased rapidly up to the final fracture. The
correlation between the AE count rate and crack growth rate is shown in Fig.4.32 (b). The AE
count rate has a higher peak increase during the period of the fracture initiation (up to 2.5 mm of
crack length). Its value is a steadily low during the period of fracture propagation (3-4.5 mm of
crack length) and has the second peak during the period of final failure (4.8-5.2 mm of crack
length).At the end of the test the AE count rate decreases (5.5-6.0 mm of crack length). It can be

seen from Fig.4.32 (b) that the crack growth rate is proportional to the AE count rate.

Crack length and Cumulative AE count vs Absolut time, SENT-X70 Crack growth rate and AE count rate Vs Crack length, SENT-X70
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Fig.4.32 Variation in (a) crack length and AE cumulative count with test time and (b) crack
growth rate and AE count rate with crack length during SENT at strain rate of 5.5x103 s

at ambient temperature.

4.3.7 Dependence of AE parameters on fracture mode

In all the tests conducted in this chapter, the fracture behaves in the ductile mode. From fracture
mechanics, it has been known that the ductile crack growth is characterized by micro void

nucleation, growth and coalescence. As the specimen is loaded, local strains and stresses at the
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crack tip become sufficient to nucleate voids and these voids grow as the crack blunts, and link
with the main crack [40].

Scanning electron microscopy (SEM) has been used to observe fracture surfaces of four X70
SENT tested specimens. The testing conditions are given in Table 4.4. Fig.4.33 shows the
observed fracture surfaces. The final void size can be measured from these SEM pictures.

Table 4.4 Average void size with a various testing condition.

Testing condition A B C D
Strain rate 5.5(10)° s 5.5(10)° s 2.7(10)" st 2.7(10)" s
Temperature -20°C +22°C -20°C +22°C
Average Void size 1.7 pym 2.5um 2.7um 3.4um

15kV X900 20pm 15kV X900 20pm

Fig.4.33 Fracture surfaces of SENT specimens for four test conditions A, B, C and D

listed inTable 4.4.
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Fig.4.34 (a) The void size distributions for four studied test conditions and (b) the variation in

AE average frequency with average void size

Fig.4.34 shows the distribution of void size for four specimens. It can be seen that the void size

distribution varies with the test conditions (Fig.4.34 (a)). The number of small voids (< 1 um)

decreases and the number of large voids (> 3 um) increases with an increase in temperature and a

decrease in strain rate. This finding is consistent with the conclusion previously reported [128].

Fig.4.34 (b) shows the AE average frequency as a function of void size. It is clear that the

average frequency decreases with the void size. A function, y=675.13-234.57x+18.42x?, can be

used to describe their relationship. To the best knowledge of the author, the dependence of the

AE average frequency on average void size obtained in this work is reported for the first time.
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4.4 Summary

The research of this chapter can be summarized as follows:

1) The AE activity started before the yield point (Region I) due to the stress concentration at
the crack tip and increased suddenly before the maximum load was reached (Region II)
due to the fracture initiation. Towards the end of test (Region Ill), the AE hit density
increased following the completion of fracture.

2) With an increase in the strain rate from 2.7E-04 s™ to 5.5E-03 s™, in Region |, the AE
amplitude increased from 30 to 40 dB, with some hits reaching 55 dB, and the average
frequency increased from 100 kHz-150 kHz. In Region Il, several strong bursts were
generated in both conditions and with an increase in strain rate the AE amplitude
increased from 45 to70 dB, although the average frequency was in the range of 150-400
kHz. In Region Ill, the AE amplitude increased from 45 dB to 65 dB and the average
frequency was in the range of 150-350 kHz.

3) With a decrease in temperature, a significant increase in the AE hit density was observed
in Region I and I1l. In Region I, the AE amplitude was in the range of 40-55 dB at -20 °C,
and the average frequency increased from 50 kHz to 200 kHz. In Region II, the AE
amplitude increased from 40 dB for the ambient temperature to more than 50 dB at -20°C,
and the average frequency was in the range of 200-350 kHz. In Region Ill, the AE
amplitude was in the range of 40-60 dB and the average frequency increased from 100

kHz to 300 kHz at -20 °C.
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4)

5)

6)

7)

8)

AE activity during the tensile test of plain specimen was higher compared to the SENT
specimen because of an increased sample volume of the plain specimen and with respect
to the notched specimen.

The hybrid approach of DIC and AE monitoring method can provide a detailed
observation of the plastic deformation around the notch and crack detection on the SENT
specimen. The AE activity of the X 80 specimen increased compared to the X70 specimen
and an increased number of AE hits were generated.

The fracture initiation point can be detected by a sudden change in the acoustic emission
activity. In particular, the fracture initiation in the studied steel resulted in a burst AE
signal with 65-75 dB amplitude and a 300-350 kHz average frequency just prior to the
maximum point of load-displacement curve.

Crack growth rate can be predicted using its dependence on the AE count rate. With an
increase in crack growth rate the AE count rate increases.

The amount of small voids decreases and the amount of large voids increases with an
increase in temperature and a decrease in the strain rate, which supports a transition to a
more ductile behaviour. The AE average frequency was observed decreasing with an

increase in void size.
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5 ACOUSTIC EMISSION MONITORING OF CVN TEST

In this chapter, the fracture behaviour of X70 and X80 line pipe steel during Charpy V-Notch
test (CVN) was investigated using the acoustic emission (AE) monitoring technique. The work
of the chapter has been submitted to Engineering Fracture Mechanics.The effects of testing
temperature and specimen thickness on the fracture initiation and propagation are discussed in

details.

5.1 Experimental procedure

The CVN procedures and a dimensions of the test pieces were taken from the Australian
standard-1544.2 [35]. The configuration of supports (anvil), stricker and specimen have been

given in Section 2.2.1.

CVN tests using full size specimen with the thickness of 10 mm (B=10mm, where B is the
specimen thickness) were performed at various temperatures: RT (20°C), -20°C, -40 °C,-60 °C,-
80°C, -100°C and -120°C, using an instrumented Charpy impact machine. In addition, sub-size
specimens with B=5 mm and 7.5mm for X70 line pipe steel were used for testing at ambient
temperature. Each test has been repeated three times. During the test the absorbed impact energy
and the load-deflection curve were measured. The tempertaure of the specimen was controlled by
a cooler. The cooler uses methanol to cool the specimen down to -80 °C and a mixture of liquid
nitrogen and methanol to cool the specimen below -80 °C. Before the test the specimen was kept

in the cooler for at least 40 minutes to achieve a uniform temperature.
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Fig.5.1 shows a schematic of the AE measurement setup in the CVN test. The AE sensor was
non-permanently attached to one of the anvils of the Charpy machine with a sticky band, and
ultrasound treatment gel was applied as a coupling material to increase the signal quality. The

choice for the sensor location was determined by minimizing the saturation condition.

Stricker
Load Vs Deflection/Time,
Absorbed Energy Vs Temperature
CVN sa.mple r’#\
Correlation of AE
& fracture
parameters
AE sensor
Amplifier > AE acquisition
svstem
1 _
AE signal Filter
W «~
> Preamplifier

Fig.5.1 A schematic experimental set up of instrumented Charpy testing.

5.2 Effect of temperature

5.2.1 X70 line pipe steel

Full-size CVN tests have been conducted at 7 temperatures. Fig.5.2 only shows the load-
deflection curves for three typical temperatures: 20°C, -60°C and -120°C. It can be seen in
Fig.5.2 that at 20°C the load increases with the deflection. At a deflection of 5 mm, the load
reaches its maximum and then gradually decreases with the deflection. At the final stage of the

test at a deflection of around 25 mm, the load still remains a quite high value, followed by a
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quick drop of the load. This behavior is due to the fact that the material is too tough to be fully
broken at this temperature. For the test at -60°C, the maximum load is higher than the test at
20°C. However, beyond the peak point the drop of the load at -60°C is much quicker than that for
20°C. At the final stage of the -60°C test the load gradually approaches zero. The load of the -
120°C test reaches its maximum value at a very low defection and then rapidly drop to near zero.

This clearly indicates that the specimen broke in a brittle mode at this temperature.

Load-Deflection Curve, CVN-X70
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Fig.5.2 Load-Deflection curves of instrumented Charpy impact test at +20°C, -60°C and -120°C.

Fig.5.3, Fig.5.4 and Fig.5.5 show the fracture surfaces of CVN specimens which were fractured

at 20°C, —60°C and —120°C, respectively. For all three specimens, overall fracture surfaces were

imaged at low magnification and regions close to the notch and close to the fracture were

observed at high magnification. It can be seen that the overall appearances of the fracture
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surfaces are different for the three specimens and the fracture mechanisms at regions close to the

notch and close to the fracture in a single specimen are different.

It can be seen in Fig.5.3 that the fracture surface of the CVN specimen fractured at 20°C is fully
ductile with 100% fibrosity. There can be seen apparent necking and shear lip areas. The region
close to the notch shows a typical ductile fracture with elongated shearing dimples and
microvoids. The region close to the fracture also shows a ductile fracture but the dimples are
much larger in size and much shallower compared to the region close to the notch. The
mechanism of ductile crack growth can be characterized by micro-void nucleation, growth and
coalescence. As the specimen is loaded, local strains and stresses at the crack tip suffice for void

nucleation. These voids grow as the crack tip blunts, and link with the main crack [40].

oy | pu—
15kV X2,000 10pm 06 50 SEI ’ 15kV X2,000 10pm 06 50 SEI

Close to notch
(Shear area)

Opposite to notch
(Shear area)

NOTCH(+20°C)

Fig.5.3 Fracture surface for 10 mm thick CVN specimen at +20°C.

The specimen fractured at —60°C shows a half ductile and half brittle type of fracture surface, as
can be seen in Fig.5.4. The half close to the notch shows a similar appearance to that of Fig.5.3,
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with apparent necking and shear lips. Observation at high magnification also shows ductile
fracture with elongated dimples and microvoids. The half close to the fracture shows a typical
brittle fracture appearance without necking and cleavage facets are observed at high

magnification.

15kV  X2,000 10pm 15kV  X2,000 10pm 11 45 SEI

Opposite to notch

Close to notch
(CLEAVEGE FACET)

(SHEAR AREA)

e iy

s

NOTCH (-60°C)

Fig.5.4 Fracture surface for 10 mm thick CVN specimen at -60°C.

Fig.5.5 shows the fracture surface of the CVN specimen fractured at —120°C. A typical brittle
fracture is observed for this specimen. The fracture surface is generally flat and without any
necking. Higher magnification observation of the regions close to the notch and close to the

fracture both show typical brittle fracture with cleavage facets and river patterns.
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16kV X2,000 10pm 11 60 SEI 15kV X2,000 10pm 11 45 SEI

Opposite to notch
(CLEAVEGE FACET)

Close to notch
(CLEAVEGE FACET)

NOTCH (-120°C

Fig.5.5 Fracture surface for 10 mm thick CVN specimen at -120°C.

Table 5.1 lists the average CVN energy, shear area percentage, load at yield and maximum load
for all the tests. The average CVN energy and shear area percentage decrease and the load at

yield and the maximum load increase as the temperature decreases.

Table 5.1 Summary of experimental results for CVN standard specimens with

a various temperature for X70.

Temperature, Average CVN Shear Area, Load at yield Load at
T energy, % Pyield[N] maximum
[°C] C. [J] Pmax, [N]
+20 330.3 100 14895 17990
-20 310.5 100 16525 18952
-40 285.4 88 16874 20902
-60 228.5 74 17012 21150
-80 40.8 35 17989 21584
-100 12.1 24 - 21864
-120 8.5 7 - 21918
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Fig.5.6 and Fig.5.7 demonstrate the CVN energy and the percentage of shear area as functions of
the testing temperature, respectively. It is clear that at the ambient and -20°C temperatures, the
specimens have very high toughness and their shear area percentages are 100%, indicating that
these specimens failed in a ductile mode. The material experiences a ductile-to-brittle transition
as the temperature is reduced. The ductile to brittle transition temperatures (DBTT) is found here
to be in the range of -40 °C — 80 °C. At lower temperatures (-100°C and -120°C), the shear area
percentages are very low, meaning that the brittle mode dominates. Therefore the energy curve
can be divided into separate regions: (1) the ductile fracture region which occurs prior to a
temperature of -40 °C; (2) the transition region between -40 °C and -80 °C and (3) the brittle

fracture region which occurs below -80 °C.

Ductile-Brittle Transition Curve, CVN-X70
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Fig.5.6 Charpy Absorbed Energy vs. Temperature curve during CVN testing.
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Fig.5.7 Shear area percentage against temperature.
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Fig.5.8 Load and Acoustic emission waves versus time for CVN Impact test at ambient

temperature (B=10 mm).
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Fig.5.9 Load and Acoustic emission waves versus time for CVN Impact test at -40°C

temperature (B= 10 mm).
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Fig.5.10 Load and Acoustic emission waves versus time for CVN Impact test at -60°C

temperature (B=10 mm).
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AE signals along with the load-time curve for three tests with the temperatures of 20 °C,-40 °C
and -60 °C are shown in Fig.5.8, Fig.5.9 and Fig.5.10, respectively. For the AE signal analysis,
the load-deflection curve is divided into three regions: | - before the yield point, Il - between the
yield point and the peak point, and Il - after the peak point till the final fracture. The general
trends are observed from Fig.5.8, Fig.5.9 and Fig.5.10 as follows:

1) Region I. A high amplitude AE signal is generated from the hammer impact and sample
yielding due to a sudden increase in load under elastic condition;

2) Region Il. A characteristic high-frequency burst in the AE signal is observed. This
corresponds to ductile fracture initiation. The phenomenon is observed for a short time
between the yield point and the point of maximum load.

3) Region Ill. AE signals generated from fracture propagation are observed. They are of a
burst type at high frequency, and a continuous type at frequency lower than in Region II;
before the end of the loading curve, a distinct drop is observed that generated a burst in

the high-frequency signal due to the occurrence of the brittle fracture.

AE waves parameter vs test time during testing of CWVN
specimen at ambient temperature
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Fig.5.11 The AE average frequency and amplitude as a function of test time at room temperature.
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Fig.5.12 The AE average frequency and amplitude as a function of test time at -40°C.
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Fig.5.13 The AE average frequency and amplitude as a function of test time at -60°C.

The amplitude and average frequency are calculated from the AE signals and shown in Fig.5.11,
Fig.5.12 and Fig.5.13, respectively. At the room temperature, in Region I, the AE signal with a

strong amplitude value (8 vol) is observed and its average frequency is less than 100 kHz due to
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the hammer impact and elastic deformation. In Region Il, a significant burst AE signal with the
average frequency in the range of 100-250 kHz is generated before the maximum load is
attained. In Region I1lI, the fracture propagates with a reduced load. This process generated a
continuous AE signal with a low amplitude of 4 vol and an average frequency in the range of 50
kHz-150 kHz.

In contrast, at -60 °C, in Region I, the AE signal with the average frequency of 100 kHz is
generated due to hammer impact and elastic deformation. In Region Il, a significant burst AE
signal with an average frequency in the range of 200-250 kHz is observed before the maximum
load point. In Region I11, the load is dropped rapidly. This process is associated with a few burst
AE signals with an amplitude of 4-6 vol and an average frequency in the range of 150-250 kHz.
A sudden load drop is observed due to brittle fracture that generates a burst AE signal with high

amplitude of 8 vol and high frequency in range of 250-350 kHz.

Table 5.2 AE waveform parameters during CVN testing for X70.

Testing Region | Amplitude | FFT power spectrum Suggested cause of AE
temperature [Vol] frequency peak
[kHz]
I <8 50-75 The hammer impact and general
yielding (A point)
RT ] <4-6 100-200 Plastic deformation and ductile
fracture (A-B point)
I >4 50-150 Ductile fracture propagation (B-C
point)
I <8 50-100 The hammer impact and general
yielding (A point)
-40 °C ] >8 200-250 Ductile fracture initiation (A-B)
11 4-6 250-300 Crack propagation (B-C)
I <8 100-150 The hammer impact and general
-60 °C yielding (A)
I 4-6 200-250 Ductile fracture and crack
propagation (A-B)
11 6-8 250-350 Brittle fracture (B-C)
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Table 5.2 lists the amplitude and average frequency ranges for each of three regions of the tests
conducted at the room temperature, -40°C and -60°C. In Region I, the strong AE signal is
generated due to the hammer impact and general yielding. With a decrease in temperature from
the room temperature to 60 °C, the AE average frequency increases from 50 kHz to 100 kHz. In
Region II, strong AE bursts are generated from crack initiation. The AE average frequency
increases from 100-200 kHz to 200-250 kHz. In Region Ill, the continuous AE signal is
identified during crack propagation. The burst signal dominates due to a brittle fracture.
Amplitude increases from 4-6 Vol to 6-8 Vol and the average frequency increases from 50-100

kHz to 250- 350 kHz.

5.2.2 X80 line pipe steel

Full-size CVN tests have been conducted at 3 temperatures such as 20°C, -60°C and -80°C.

Fig.5.14 shows the load-deflection curves for three typical temperatures.

Load -Time Curve, CWVMN-X80

25000 -
—+20°C
—-60°C
20000 -
—-80°C
= 15000 4
=
m
L=}
—
10000 -
5000
0 AL e ST
0 1 2 2 4 5 &

Fig.5.14 Load-Deflection curves of instrumented Charpy impact test at +20°C, -60°C and -80°C
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AE signals along with the load-time curve for three tests with the temperatures of 20 °C,-60 °C
and -80 °C are shown in Fig.5.15, Fig.5.16 and Fig.5.17, respectively.

For the AE signal analysis, the load-deflection curve is divided into three regions: | - before the
yield point, Il - between the yield point and the peak point, and Il - after the peak point till the

final fracture.

: 20

Load (M)

—_
[=]

Amplitude Vol

5000 ' i 4 T et 0

10000 Jf || |.‘ o ———AEwaveform ...

1 - i : : i - i - i -
0 1 2 3 4 5 L
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Fig.5.15 Load and Acoustic emission waves versus time for CVN Impact test
at ambient temperature for X80 (B=10 mm)
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Fig.5.16 Load and Acoustic emission waves versus time for CVN Impact test
at — 60 °C for X80 (B=10 mm).
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Fig.5.17 Load and Acoustic emission waves versus time for CVN Impact test

at — 80 °C for X80 (B=10 mm).

The amplitude and average frequency are calculated from the AE signals and shown in Fig.5.15,

Fig.5.16 and Fig.5.17, respectively. It can be seen from Table 5.3, at the room temperature, in
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Region I, the AE signal with a strong amplitude value (10 vol) is observed and its average
frequency is less than 50 kHz due to the hammer impact and elastic deformation. In Region 11, a
significant burst AE signal with the average frequency in the range of 100-200 kHz is generated
before the maximum load is attained. In Region Ill, the fracture slightly propagates with a
decrease in load. This process generated an AE signal with low amplitude of 4 vol and an
average frequency in the range of 100 kHz-150 kHz.

In contrast, at -60 °C, in Region I, the AE signal with the average frequency of 100 kHz. In
Region 11, a significant burst AE signal with an average frequency in the range of 150-250 kHz is
observed before the maximum load point. In Region 11, the load is dropped rapidly. This process
is associated with a few burst AE signals with an amplitude of 4 vol and an average frequency in

the range of 100-200 kHz due to brittle fracture.

Table 5.3 AE waveform parameters during CVN testing for X80.

Testing Region | Amplitude | FFT power spectrum Suggested cause of AE
temperature [Vol] frequency peak
[kHz]
I <10 <50 The hammer impact and general
yielding (A point)
RT ] <6 100-200 Plastic deformation and ductile
fracture (A-B point)
I >4 100-150 Ductile fracture propagation (B-C
point)
I <8 <100 The hammer impact and general
yielding (A point)
-60 °C ] >8 150-250 Ductile fracture initiation (A-B)
11 4 100-200 Crack propagation (B-C)
I 10 <100 The hammer impact and general
-80°C yielding (A)
I <8 200-250 Ductile fracture and crack
propagation (A-B)
11 <6 200-300 Brittle fracture (B-C)
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5.3 Effect of specimen thickness

Fig.5.18 shows the load- deflection curves obtained during the CVN tests of X70 line pipe steel
with different thicknesses (B=10mm, 7.5mm and 5mm) at the ambient temperature. Three curves

have similar shape and the load increases with the specimen thickness. All the specimens exhibit

ductile fracture behavior.

Load Vs Deflection Curve, CVN-X70

— B=10mm
20000 -
—— B=7.5mm

— B=5.0 mm

15000 -

Load (N)

0 5 10 15 20 25
Deflection (mm)

30

Fig.5.18 Load vs deflection curves obtained during instrumented CVN impact testing at ambient
temperature of specimens with various thicknesses.

Table 5.4 Experimental results for testing at ambient temperature.

Specimen thickness, Average CVN Load at general yield Load at maximum
B energy, Cv IDyield [N] Pmax, [N]
[ mm] [J]
10 330.3 14895 17990
7.5 197.3 11150 12800
5.0 108.0 4810 6105
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Table 5.4 lists the CVN energy, the load at yield and the maximum load for three specimens with
different thicknesses. As the specimen thickness decreases from 10 mm to 5.0 mm, the CVN
energy decreases from 303.3 J to 108.0 J. Fig.5.19 (a) plots the CVN energy (Cv) as a function
of the specimen thickness, while Fig.5.19(b) plots In(Cv) against In(B). A linear regression of the
In(Cv)-In(B) relationship gives a slope of 1.6. This means that Cv and B have a power

relationship, namely CvocB*®.

CWN Energy Ws Thickness, X-70 Thick ness effect, X70 line pipe
6.5

u  Experimental dats (Charpy Energy)

r —m— SN Energy Linesr regression
| 60
300 -
. 55

af:l-— /

(=]

CWN Energy {Joules)
I

Thickness {mmj

Fig.5.19 CVN energy (C,) as a function of the specimen thickness (B).
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Fig.5.20 Load and acoustic emission waves versus time for CVN Impact test at ambient

temperature (B=5 mm).
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Fig.5.21 Load and acoustic emission waves versus time for CVN Impact test at ambient

temperature (B=7.5 mm).
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In this study the AE monitoring technique was used to investigate the effect of Charpy specimen
thicknesses for the first time.The AE signals of 5 mm and 7.5 mm CVN tests are shown in
Fig.5.11 and Fig.5.12, respectively. The AE signal of the 10mm CVN test has been given in

Fig.5.8.

For 5 mm specimen, in Region |, a AE signal with a amplitude value of 8 V is observed and the
average frequency is in the range of 50-80 kHz. This frequency value is lower than the full size
specimen. In Region I, a burst AE signal with 4-6 V amplitude and an100 kHz average
frequency is generated before the maximum load. This signal is associated with fracture
initiation. In Region 11, the load drops and continuous AE signals with the average frequency in

the range of 50-100 kHz are generated.

In contrast, for the 7.5 mm specimen, the AE signal with high amplitude of 10 V is generated
and the average frequency is in range 75-100 kHz due to hammer impact and general yielding. In
Region 11, a burst AE signal with short duration and the average frequency of 150 kHz was
observed. In Region IllI, a continuous signal with 4-6 VV amplitude and 80-100 kHz average
frequency is generated (Fig.5.12). This is consistent with the finding in Ref. [129]. The AE
intensity observed in 7.5 mm specimen in Region Il (between the maximum load and end of

test) is relatively higher compared to the 5 mm specimen in the same region.

Table 5. lists the AE amplitude and average frequency results for three different CVN tests. It
can be found that as the specimen thickness decreases from 10 mm to 5 mm, in Region I, AE

signal amplitude decreases from 10 V to 8 V and the average frequency is in the range of 50-100
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kHz due to the hammer impact and general yielding. In Region Il, a burst AE signal is generated
due to the ductile initiation. Amplitude value is in the range of 4-6 V and the average frequency
decreases from 200 to 100 kHz. In Region IlI, continuous AE signals are observed due to the
slightly (slowly) dropped load. The AE amplitude decreases from 8 V to 4 V and the average

frequency decreases from 150 kHz to 50 kHz.

Table 5.5 The AE waveform parameters during CVN Impact test in the studied X70 steel at a

various thicknesses.

Sample Region | Amplitude | FFT power spectrum Suggested cause of AE
thickness [Vol] frequency peak
[kHZz]
I <6 50-80 The hammer impact and general
yielding (A)
5.0 mm ] 4-6 ~100 Plastic deformation and ductile
fracture (A-B)
i 2-4 80-100 Ductile fracture propagation (B-
C)
I <6 75-100 The hammer impact and general
yielding (A)
7.5 mm ] 4-6 ~150 Plastic deformation and ductile
fracture (A-B)
11 2-4 100-150 Ductile fracture propagation (B-
C)
I <8 ~100 The hammer impact and general
yielding (A)
10 mm ] <4-6 150-200 Plastic deformation and ductile
fracture (A-B)
i >4 100-150 Ductile fracture propagation (B-
C)

5.4 Determination of crack initiation point

It has been observed by the high speed camera and AE measurement in the SENT tests that the
fracture doesn’t initiate at the peak load and it always occurs between the yield point and the
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peak point with higher AE amplitude and frequency. In order to further validate the location of
fracture initiation, additional quasi-static three point bending tests (TPBT) of X70 line pipe steel

were performed using a tensile test machine.

CVN sample I Load Vs Deflection/Time

Load ,b

T
Correlation of AE
& fracture

| parameters
AFE sensor A "]E

Support . P
Amplifier AF acquisition
svstem

S—
Preamplifier

AF signal

I

Fig.5.22 A schematic of the TPBT.

A schematic of the TPBT is shown in Fig.5.22. The TPBT specimen has the same geometry as

the CVN specimen.

Fig.5.23 (a) shows the load-deflection curve of the TPBT and corresponding AE amplitude
distribution. It has been found that before the peak load, a strong AE burst with larger amplitude,
marked by a circle in the figure, was observed. High speed video indicates that fracture initiation
is responsible for this AE burst event. Fig.5.23 (b) shows its whole AE signal waveform and
power spectra. This strong AE signal corresponding to fracture initiation was of 70dB amplitude

and an average frequency of 350 kHz.
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Fig.5.23 (a) AE activity corresponding to the load-deflection curve obtained during testing of
three-point bending test; (b) Selected AE signal waveform and power spectrum corresponding to

the fracture initiation for 5 mm thick CVN sample.

In the CVN test fracture initiation occurs within a very short time period and the high speed
camera cannot be installed to observe the fracture behavior of the specimen. Therefore, it is
impossible to determine directly the location of fracture initiation in the CVN load-displacement
curve. Fig.5.24 and Fig.5.25 show the results of the CVN tests at room temperatures for B=5mm
and B=7.5mm, respectively. It can be seen that there are some strong signals before the peak
loads, marked in red in Fig.5.24 and Fig.5.25. It is believed that these signals correspond to the

fracture initiation.
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Fig.5.24 Load and AE waveform curves for CVN specimen tested at RT, B=5 mm.
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Fig.5.25 Load and AE waveform curves for CVN specimen tested at RT, B=7.5 mm.
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5.5 Dependence of acoustic emission on fracture mode

The fracture modes during CVN testing can be predicted using the AE waveform and using the
power spectrum analysis. Fig.5.26 shows the AE waves generated from ductile fracture initiation
at room temperature had a frequency peak in the range of 80 kHz-150 kHz. This is due to the
ductile fracture. In comparison, the AE waves generated at low temperature are of the frequency
peaks in the range of 200 kHz-350 kHz (Fig.5.27). This can be explained by occurrence of brittle

fracture.
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Fig.5.26 (a) Load and AE waveform curves for CVN specimen tested at Room Temperature
(B=10 mm), (b) power spectrum obtained by FFT analysis for the time period after fracture

initiation.

Thus, the fracture modes can be distinguished by the frequency peaks in the power spectrum. For

all cases investigated, the frequency peaks in the range of 50 kHz-200 kHz for the ductile
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fractures, and the frequency peaks in the range of 250 kHz-350 kHz are associated with brittle

fracture. The specimen temperature vs AE average frequency for the studied X70 line pipe steel

is shown in Fig.5.28.
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Fig.5.27 (a) Load and AE waveform curves for CVN specimen tested at -60°C (B=10 mm) (b)

power spectrum obtained by FFT analysis for the time period after the fracture initiation.
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Fig.5.28 The specimen temperature vs AE average frequency for the studied X70 line pipe steel.
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5.6 Summary

The research of this chapter can be summarized as follows:

1)

2)

3)

4)

The CVN tests of X70 line pipe steels have been conducted at various temperatures. The
tests with different specimen thicknesses were also performed at room temperature. In
order to analyse the results, the measured load-displacement curves are divided into three
regions: Regions I, Il and 11I.

In Region I, the AE signal amplitude is in the range of 8-10 Volts and the average
frequency is in the range of 50-150 kHz due to the hammer impact and general yielding.
In Region I, the burst AE signal average frequency increases from 100-200 kHz to 150-
250 kHz as the temperature decreases from the room temperature to -120 °C. In Region
I11, the load drops as the fracture propagates. AE signal amplitude is in the range of 6-8
Volts and the average frequency increases form 50-150 to 250-350 kHz as the
temperature decreases from room temperature to -120 °C.

As the specimen thickness decreases from 10 mm to 5 mm, in Region I, the AE signal
amplitude decreases from 10 Volts to 8 Volts and the average frequency range is in the
range of 50-100 kHz. In Region II, the AE signal average frequency decreases from 250
kHz to 100 kHz. In Region Ill, AE amplitude decreases from 8 Volts to 4 Volts and the
average frequency decreases from 150 kHz to 50 kHz.

It is impossible to observe directly the fracture imitation in the CVN test. The quasi-static
three point bending tests using the same CVN specimen have been carried out. It has

been found that the fracture initiates before the peak load. In the CVN tests strong AE
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5)

signals were observed before the peak load. It is believed that these strong AE signals
correspond to fracture initiation.

The fracture mode of Charpy tested specimen can be predicted using AE waveform and
Power spectra methodology. It has been found that the fracture modes are characterised
by the value of peak frequency. The range of 50 kHz-200 kHz corresponds to ductile

fracture and the range of 250 kHz-350 kHz are indicative of the brittle fractures.
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6 FEM SIMULATIONS OF PIPELINE FRACTURE TESTS

In this chapter, the FEM modellings are conducted to simulate the SENT and CVN tests. The
Gurson-Tvergaard-Needleman (GTN) model is used to predict the nucleation, growth and
coalescence of micro voids. The developed FEM models have been validated by comparison
with the experimental results. The fracture initiation and propagation during tests are analyzed in

details.

6.1 FEM simulation of CVN testing

6.1.1 Finite element model

In the present study, the commercial FEM software “ANSYS/LS-DYNA” with dynamic explicit
scheme was used to simulate the CVN tests on the specimens with thicknesses 5 mm, 7.5mm and
10 mm. The Gurson-Tvergaard-Needleman (GTN) model, which has been described in Section
2.2.3, was used to simulate the ductile fracture behavior. The GTN model has been recognized as
one of the best ductile fracture models. The stress-strain curve used in the simulation is shown in
Ommoka! Ucrounuk ccbliiku He HaiineH.. The simulation parameters are shown in Table 6.1.

Table 6.1 GTN parameters used in the simulation.

Simulation f fr fe &, Sn o[ 02
parameters
Value 0.000125 0.125 | 0.015 0.3 0.1 1.5 1
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Fig.6.1 Stress-strain curve used in the simulation.

The FEM model utilizing eight-node hexahedral elements for the CVN tests is shown on Fig.6.2.
The contact between the sample and the striker was modelled by Coulomb friction with a
coefficient of friction equal to 0.1.The total number of elements and node in the simulations are

listed in Table 6.2.

SPECIMEN

ANVILS

Fig.6.2 A scheme of Charpy V-Notch testing used in finite element simulation.
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Table 6.2 Numbers of elements and nodes used in FEM.

Simulation of CVN test Number of elements Numbers of nodes
5 mm 146804 158091
7.5 mm 169880 181772
10 mm 175304 187416

6.1.1.1 Simulated Load-displacement/time curves

The FEM simulated and experimental load-displacement curves for CVN specimen with 5 mm
thickness are compared in Fig.6.3. The simulated load-displacement curve follows the same
trend of the experimental one. The load-time curves have been divided into three regions, namely
Regions I, Il and Ill. Region | is the period of elastic deformation. At the boundary between
Regioin | and Region Il (yeild point), the plastic deformation begins around the crack tip. After
the yield point the load increases with the time until the maximum load, which is the boundary

between Region Il and Region I11. In Region 111 the load decreases with the time.

It can be seen that the simulated yield and peak points are in very good agreement with the
experimental results. The simulated curve reaches the maximum load at the same time as the
experimental curve. After the peak load both the simulated experimental loads decrease with the
time. However, the drop of the simulated load is faster than that of the experimental curve
beyond the time of 1ms. As the final stage of the CVN test, the fracture has reached the impacted
region between the striker and the specimen. The compressive stress may significantly contribute
to the fracture behavior. However, the GTN only considers the effect of the tensile hydrostatic

stress on the void growth. This is the reason why there is a difference between two curves in
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Fig.6.3. The main focus of the present study is to determine the fracture initiation. The FEM

model developed in the present study can give enough accuracy for this purpose.

Load-Displacement Curve, CVN-X70 (B=5mm)
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Fig.6.3 Experimental and simulated load-displacement curve at ambient temperature (B=5 mm).
Fig.6.4shows the contours of the effective von Mises stress on the side surface (Fig.6.4(a)) and
the fracture surface (Fig.6.4 (b)) at the selected times. At t=0.25 ms, the stress concentrates
around the crack tip and the contact area between the striker and the specimen, which correponds
to the yield point. At t=0.7 ms, the fracture just initiates, as shown in Fig.6.4 (b). It can be seen in
Fig.6.4 (b) that the fracture has propagated to a short distance at the peak load (t=1.65 ms). At
t=2.85 ms, as shown in Fig.6.4 (b), the fracture reaches the region near the contact between the
striker and the specimen. It is clear from the simulated results that the fracture initiates before the

peak load, which is consistent with the prediction of the AE measurment.
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Fig.6.4 Effective stress distributions at a selected instant time for three regions: (a) stress
distribution on Charpy specimen, (b) stress distribution on fracture surface.
Fig.6.5 shows simulated load-time curves for the three specimens with different thicknesses. As
the thickness increases the load-time curve moves up. The CVN energy (Cv) can be calculated
by integrating the load-time curve. The calculated CVN energy (Cv) is plotted in Fig.6.6 as a
function of the specimen thickness (B). The best function to fit the calculated Cv-B relationship
is CvecB °. The exponent of 1.45 obtained from the simulations is close to that determined by

the experimental results.
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Fig.6.5 Simulation Load-Time Curve at ambient temperature for a various sample thicknesses.
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Fig.6.6 Simulated energy (C,) as a function of the specimen thickness (B).

6.1.2 Analysis of crack initiation and propagation

The simulation result of 5 mm thickness specimen, as shown in Fig.6.7, indicates that the
fracture initiates before the peak load. A black dot is marked for fracture initiation. The inset in

Fig.6.7gives the contour of the von Mises stress on the A-A plane at the time indicated by the
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black dot on the load-displacement curve. It is clear that the fracture has nucleated at this time,
which is before the peak load. Fig.6.8 shows the load-displacement curve for the 7.5 mm
specimen. Fig.6.9 shows the results of the 10 mm specimen. The same conclusion can be drawn

that the fracture initiates before the peak load.

Load-Displacement Curve, CVN-X70 (B=5mm)
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Fig.6.7 Fracture initiation point determination by FEM simulation for CVN specimen:

5 mm specimen.
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Load-Displacement Curve, CVN-X70 (B=7.5mm)
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Fig.6.8 Fracture initiation point determination by FEM simulation for CVN specimen:

7.5 mm specimen.
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Fig.6.9 Fracture initiation point determination by FEM simulation for CVN specimen:

10 mm specimen.
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Fig.6.10 Fracture initiation at instant time for CVN specimen with a various thicknesses.

Fig.6.10 shows the distribution of the effective von Mises stress of the simulated specimens with
the three different thicknesses observed from the bottom of the specimen at the time of the
fracture initiation. It can be seen that the fracture initiates near the notch tip in the middle
thickness of the specimen. Table 6.3 lists summary of load values for CVN simulation with a

various thicknesses.

Table 6.3 Summary of simulation results for CVN specimen with a various thicknesses.

Specimen Load at general Load at Crack Load at
Thickness yield initiation maximum
[mm] IDyield[N] I:’c.i[N] Pmax, [N]
5.0 4856 5876 6055
7.5 7848 13042 13952
10 16874 19055 20902
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Void Volume Fraction vs Displacement, CWN-X70 (B=5mm)
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Fig.6.11 Void Volume Fraction as function of displacement for CVN specimen: B=5mm.

In the GTN model, the void nucleation and the void growth are described by the void volume
fraction. The condition of ductile crack initiation is given by the critical void volume fraction
[130]. As described in Eq.(2.5), f is the critical void volume fraction at which voids coalesce.
Once the calculated void volume fraction exceeds f. the material will quickly break. f. is set to
be 0.015. Fig.6.11 and Fig.6.12 show the average void volume fraction as a function of
displacement for the CVN specimens of 5 mm thickness and 7.5 mm thickness, respectively. It
can be seen from Fig.6.11 and Fig.6.12 that the average value of void volume fraction reaches at

maximum point (as marked by a red circle) when the fracture is initiated.
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oid Volume Fraction vs Displacement , CWN-X70 {B=7.5mm)
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Fig.6.12 Void Volume Fraction as function of displacement for CVN specimen: B=7.5mm.

All the simulations of the CVN tests predict that the fracture initiation occurs before the peak
load. This confirms the observations of the AE measurement conducted in Section 5.4. When the
fracture initiates, the connected cross section area of the specimen is reduced and the load
required to deform the material decreases. Therefore it is generally considered that the fracture
initiation corresponds to the peak load. However, it should be noted that after the fracture
initiation the material is still subjected to work-hardening. The work-hardening effect
compensates the decrease of the load caused by the fracture initiation, and then delays the

occurrence of the peak load.

Separation of the fracture initiation energy and fracture propagation energy plays an important
role in research of the pipeline fracture control. From the present study, it has been found that
using the peak load point to separate two energy components is not accurate. The AE analysis
conducted in the present thesis depicts that there is a strong hit before the peak load,

corresponding to the fracture initiation. Therefore, this thesis recommends that the AE

148



Chapter 6: FEM Simulation of Pipeline Fracture Tests

measurement can be used to identify the fracture initiation, rather than the peak load point, in the

future pipeline research.

6.2 FEM simulation of SENT testing

The objective of this study is to carry out a three dimensional finite element fracture simulation

that allows the investigation of fracture processes of the SENT tests with GNT micro-mechanical

fracture models.

6.2.1 Finite element model

In the present study, the commercial FEM software “ANSYS/LS-DYNA” with dynamic explicit

scheme was used to simulate the SENT test. FEM model utilizing eight-node hexahedral

elements for the SENT test is employed. The simulation model is shown in Fig.6.13. The total

number of elements and nodes in the simulations are listed in Table 6.4.

Table 6.4 The total number of elements and nodes.

Number of elements Numbers of nodes
Simulation of SENT test 129640 140794
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Fig.6.13 A scheme of SENT specimen used in finite element simulation.

The finite element analysis of the SENT specimen was performed using the mesh size of 0.2 mm
around the notch area. A constant displacement rate of 20 mm/min was applied in the simulation.
The simulation parameters are shown in Table 6.5. The constant parameters (q;,g,) in Gurson-
Tvergaard yield function is presented by Tveergard have been applied by many studies for the

ductile fracture.

Table 6.5 GTN parameters used in the simulation.

GTN parameters f fr fe &, Sy 01 (op)
Value 0.000125 0.06 0.0055 0.3 0.1 1.5 1

6.2.1.1 Simulated Load-displacement/time curve

Typical load vs displacement/time curve obtained from the FEM simulation is shown in Fig.6.14.
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Similar to the analysis of the experimental results, the load-displacement curve is divided into
three regions: I-before the yield point, 11-between the yield point and the peak point, and Il1-after
the maximum point till the final fracture. Four points, Points A, B, C and D, are marked in
Fig.6.14.

LOAD-DISPLACEMENT CURVE, X70-FEM

Ii 1T ITI

B ——FEM
. /——

A

20 4

Load (kN)

0 ' : , .

2 2 =

L=

Displacement (mm)

Fig.6.14 The simulated load-displacement curve, SENT-X70

It can be seen in Fig.6.14 that the load increases linearly with the displacement in Region I. At
point A, which is the yield point, the material at the front of notch area starts to be deformed
plastically.In Region Il, from Point A to Point B, the load continuously increases with the
displacement. In Region Ill, the load decreases slightly while the crack propagates and the
microviod comfluence exists. In Region Il the specimen area reduces and the necking is
observed. At Point D, the final separation is observed. FEM simulated load valuesare

summarised in Table 6.6.
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Table 6.6 Summary of simulation results for the SENT specimen.

Load at yield Load at crack initiation point Maximum load
IDyield, [N] |Dc.i, [N] I3max; [N]
24855 33859 34058

Fig.6.15 compared the specimen geometries predicted in the simulation and recorded by high

speed video camera for the four selected points. It can be seen that they are in reasonably good

agreement.
Method Region | Region |1 Region Il
EXP
Selected video shots obtained by high speed camera
FEM
0.33mm 0.66 mm 2.15 mm 3.24 mm
(at A point) (Before B point) (At C point) (Before D point)
Selected effective stress contour

Fig.6.15 Fracture process of pipeline steel during SENT testing: Experiment and

FEM simulation.
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Fig.6.16 shows the simulated SENT fracture surface and the experimentally tested one. They are
in very good agreement. The width extraction and shear fracture area can be observed in both

pictures.

Fig.6.16 The fractured SENT specimen: Simulated specimen (a); tested specimen (b).

6.2.2 Analysis of crack initiation and propagation

The fracture simulation provides detailed information of the fracture initiation and propagation in
a ductile SENT specimen. It has been found that the crack initiates at the displacement of 0.7
mm, which has been marked by a red circle in Fig.6.17. The effective von Mises stress
distribution and fracture morphology corresponding to the crack initiation is also shown in
Fig.6.17. It is clear that, at this displacement, a crack nucleates at the notch tip. This simulation

result confirms the experimental observations that the fracture initiates prior to the peak load.
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After the fracture initiation, the load still continues to increase. This is due to the work hardening

effect induced by the plastic deformation.
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Fig.6.17 Fracture initiation point determination by FEM simulation for SENT specimen.

Fig.6.18 shows that the effective von Mises stress distribution and fracture morphology
corresponding to the crack propagation from Point B to Point D. It can be seen in Fig.6.18 that
once the fracture is initiated (before B point), the crack propagates rapidly. After Point B the load
decreases slightly. At Point C the fracture area continuously increases and the specimen

completely separates at Point D.
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Fig.6.18 Fracture propagation by the FEM simulation for the SENT specimen.
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6.2.3 Summary

The research of this chapter can be summarized as follows:

1) Three dimensional fracture models based on the finite element method have been
developed to simulate the SENT and CVN tests of the line pipe steel using the Gursen-
Tvergaard-Needleman fracture constitutive model.

2) The simulated results are in good agreement with the experimental results in terms of
stress distribution and fracture morphology for both SENT and CVN tests. The
simulated specimen is capable to identify the major characteristics of SENT and CVN
specimen, such as the fracture tunneling and the shear lip

3) The fracture initiation can be predicted by the FEM simulation. It has been found that
the fracture initiates before the maximum point on the load-displacement curve for

both tests.
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7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this thesis, the dynamic fracture behaviour of the line pipe steel was studied by CVN impact
and SENT tests in conjunction with AE monitoring.Variations in AE features were analyzed
using the Wave Form and Power Spectrum methodologies and correlated to fracture initiation
and load-time/load-deflection curves for both tests. The fracture initiation point was identified by
a sudden change in the AE activity, observed prior to the maximum load point on the load-
displacement curve. FEM simulations of the CVN and SENT tests were carried out using the
commercial software ‘ANSYS/LS-DYNA’ withthe Gurson-Tveergaard-Needleman (GTN)

fracture model.

The major conclusions of the PhD study are summarised as follows:

For Single edge-notched tension test:

1) The AE monitoring technique was used for the first time during the SENT test of X70
and X80 line pipe steels.

2) It was found that the AE activity started before the yield point (Region I) due to stress
concentration at the crack tip and increased suddenly before the maximum load is
reached (Region I1) due to the fracture initiation. Towards the end of test (Region Ill), the

AE hit density increased again.
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3) With an increase in the strain rate and a decrease in testing temperature, AE activity
increased during SENT. A significant increase in AE hit density was observed in Region
| and Region 111 at -20 °C. A continuous type of AE signal with an amplitude of 30-40 dB
dominated in Region | for lower strain rate compared to the same region for higher strain
rate. A strong burst signal with an amplitude of 50-70 dB was observed in Region Il and
at the final stage of Region Il in all the tests.

4) The fracture initiation point can be detected by a sudden change in the acoustic emission
activity. It was found that the fracture initiation in the studied steel resulted in a burst AE
signal with a 65-75 dB amplitude and a 300-350 kHz average frequency prior to the
maximum point of the load-displacement curve. The fracture initiation was also predicted
by the FEM simulation of the SENT test. The FEM simulation showed a good agreement
with the experimental results.

5) Crack growth rate was predicted using its relationship with the AE count rate. With an
increase in the crack growth rate the AE count rate increased. The amount of small voids
decreased and the amount of large voids increased with an increase in temperature and a
decrease in the strain rate. The AE average frequency was observed decreasing with an

increase in the void size.

For Charpy V-notch test:

1) CVN tests on X70 line pipe steels were conducted at various temperatures. The tests with

different specimen thicknesses were also performed at room temperature. In order to
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analyse the results, the measured load-displacement curves were divided into three
regions: Regions I, 11 and I1I.

2) As the specimen temperature decreased from room temperature to -120 °C, the average
frequency of the burst-type AE signals increased from 80 kHz to 150 kHz in Region |
before the yield point, from 250 kHz to 350 kHz in Region Il after the yield point and
before the maximum load point, and from 150 kHz to 250 kHz in Region Il after the
maximum load point till the end of the test.

3) The ductile-to-brittle transition temperature (DBTT) was found to be in the range of -60
°C to -80 °C for the tested steel. Along with this transition in fracture behavior, the AE
average frequency increased with a decrease in temperature. A sudden drop in the load
was observed at -60 °C due to the occurrence of brittle fracture that generated a burst-type
AE signal with an average frequency of 350 kHz.

4) Charpy specimens with various thicknesses such as 5 mm, 7.5 mm and 10 mm were
tested for the first time using the AE monitoring technique. With a decrease in specimen
thickness from 10 mm to 5 mm the AE average frequency decreased from 150 kHz to 50
kHz.

5) It is impossible to observe directly the fracture initiation in the CVN test. The quasi-static
three-point bending tests using the same CVN specimen were carried out. It was found
that the fracture initiated before the peak load. In the CVN tests strong AE signals were
observed before the peak load. It is believed that these strong AE signals corresponded to
fracture initiation.

6) The fracture mode of the Charpy-tested specimen can be predicted using AE waveform

and Power spectra methodologies. It was found that the fracture modes were
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characterized by the value of the peak frequency: 50 kHz-200 kHz range corresponded to

the ductile fracture and the 250 kHz-350 kHz range corresponded to the brittle fracture.

7.2 Recommendations

Based on the conclusions of this work the following recommendations are made for future
research:

1) The present study was mainly performed for X70 line pipe steels. More investigations
should be carried out for other grades of steel.

2) The effect of low temperature (below -20°C) on the fracture behaviour of the line pipe
steels during SENT should be investigated numerically and compared to the experimental
results obtained from this study.

3) AE streaming as a method of signal analysis for CVN testing should be considered.

4) 2D/3D modelling of AE wave propagation needs to be carried out. FEM simulation of the
AE from the fracture initiation and propagation for both the SENT and CVN tests could
be done to link the fracture mechanics to the AE signals.

5) From the present study, it has been found that using the peak load point to separate two
energy /the fracture initiation and fracture propagation/ components is not accurate. The
AE analysis conducted in the present thesis depicts that there is a strong hit before the
peak load, corresponding to the fracture initiation. Therefore, this thesis recommends that
the AE measurement can be used to identify the fracture initiation, rather than the peak

load point, in the future pipeline research.
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