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Abstract

The aim of the present work is to dispel some of the controversy involving Martensite-
Austenite (MA) in pipeline steel welds. The fraction, size, morphology and distribution of
Martensite-Austenite can have considerable impact on the properties of the Heat Affected Zone
(HAZ) of pipeline welds, where variations in welding parameters can lead to different peak
temperatures and cooling rates, which determine the characteristic features of MA. Recently, MA
microconstituents have been under scrutiny because of the significance of MA on mechanical
properties is ambiguous, particularly in terms of tensile and toughness properties. The role of MA
on mechanical properties has become a more active research subject due to a lack of knowledge
combined with contradictory evidence.

The first part of the current research focuses on evaluating the role of MA size, fraction,
morphology and distribution effect on the strength and ductility of HAZ in API X80 steel Gas
Metal Arc Welds (GMAW). Higher fraction of coarse MA leads to increased strength however
result in a loss of ductility. A lower fraction of finer MA microconstituents lead to improvements
in ductility. The ductility is found severely impaired due to formation of closely spaced voids
around the MA, along with debonding of MA from the matrix, which occurs just above the yield
stress. MA constituents initiate premature void nucleation during straining, which is explained by
a difference in the nanoindentation hardness of the MA (dominant in martensite but small
austenite) versus the ferrite matrix.

Further study performed by thermal simulation using a Gleeble system that produces two
different microstructures using two different cooling rates. Variation in cooling rate causes a
difference in MA size, distribution, and morphology; while the fraction of MA remained
comparable. A higher cooling rate exhibited higher tensile strength and ductility compared to a
slower cooling rate. The MA microconstituents formed at slower cooling rate are coarser, which
tends to initiate voids more readily under tensile strain. These coarser MA microconstituents were
also surrounded by ferrite grains which exhibited higher local grain misorientations. This led to
inhomogeneous deformation and enhanced dislocation activity during straining, accelerating void
formation, and hampering ductility. In contrast, higher cooling rate results a more uniform local

strain distribution with finer MA structures, and higher ductility. Numerical simulation confirmed



the detrimental effect of coarser MA is associated with higher local stress concentrations compared
to finer MA

In third stage of this research, an optimum heat treating cycle or tempering cycle (300°C,10
min) is developed to decompose detrimental coarser MA (>1um) microconstituents in which the
difference in hardness between MA and ferrite is reduced. In addition, a tempering cycle reduces
the stress concentration around MA. Applying a tempering cycle to GMAW improves tensile
strength and ductility by the shifting fracture location from the HAZ to base metal during
transverse tensile testing.

Finally, varying cooling rates are used to investigate the influence of MA microconstituent on
the mechanical properties after intercritical reheating, in which a higher fraction of coarse MA
grains will severely deteriorate toughness. It is shown that MA deteriorates toughness by
facilitating debonding, cracking and crack initiation during impact testing.
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Chapter 1 : Introduction

1.1 Back ground

Long distance high pressure pipelines are the most effective way to transport oil and gas [1,
2], and these sources continue to be a primary natural resource for power generation. The
Department of Energy for the Unitied States of America reported a consumption of 99 quadrillion
BTU in 2008, of which 37 quadtrillion BTU was supplied by petrolimum and 24 quadrillion BTU
was supplied by natural gas [3]. The quest for efficient and reliablae enery sources has continued
for the last few decades throughout the world, and is more rigorous in the 21% century. However,
most of the fossil fuel is remotely located and needs to be transported from the source to
consumers. Consequently, pipelines often need to be installed in arctic regions because of oil and
gas source locations [4, 5], where the temperature can average between -40 to 0°C, therefore, the
demand for pipeline steels with good strength and fracture toughness at low temperature has
increased. However, the integrity of a high pressure pipeline is crucial during installation since
failure could lead to enviromental disaster. The microstructural features enabling the required
mechanical properties for pipeline steel can be achieved by thermo-mechanically controlled
processing (TMCP) followed by accelerated controlled cooling, which is cheaper and more
effective than competing processes such as quenching and tempering. Pipeline manufacturers now
rely on TMCP as the mostly widely used strengthening technique. The TMCP process leads to a
finer grain structure along with various carbides and nitrides (or a combination of both), which
improves the strength of materials. Large infrastructure requiring a combination of strength and
toughness can be fabricated with High Strength Low Alloy (HSLA) steels which rely on the TMCP
technology. In the past two decades, the TMCP process have been commonly used in high-pressure
pipelines since the excellent low temperature properties of HSLA steel have improved resistance
to fracture.

Long distance pipeline cannot be constructed without welding. However, the integrity of
the pipeline can be degraded by the formation of a weld zone and Heat Affected Zone (HAZ) if
the welding conditions are not carefully controlled. Since the metallurgical characteristics of newly
formed zones after welding are different from the base metal. Good weldability (in terms of the
ability to join material without defects, or reduced porosity with good mechanical properties) has

to be ensured by the pipeline manufacturer when constructing a pipeline, and the HAZ is usually
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considered to be most critical zone of the weld [6-8]. This has demanded a firm understanding of
the phase transformation mechanisms within the HAZ to ensure good weldability and satisfactory
mechanical properties at different temperature, especially at low temperatures [9, 10].

The HAZ can experience different thermal cycle (different peak temperature and cooling
rate) which can lead to formation of a variable microstructure. Grain growth, formation of
precipitates, and dissolution of carbides can occur during the heating. The chemical composition,
microstructure, crystallographic texture, aging, deformation, surface notches can all affect the
properties of HAZ. For example, the formation of a HAZ during welding can lead to a loss in
strength due to grain growth, or excessive hardening due to rapid cooling rates which lead to poor
toughness. Typical specifications for pipeline installation deal with these complexities in the HAZ
by imposing limiting hardness values [11]. Therefore, it is necessary to gain a better understanding
of the factors that influence the properties of the HAZ in order to avoid fracture, particularly in
extreme low temperatures.

Various microstructures in the HAZ have different toughness and tensile properties which
are crucial for pipeline safety. It is very important to understand the crack initiation and crack
propagation in rapidly cooled HAZ microstructures after welding. A small localized brittle zone
may form in the HAZ and cause the weldment to fail qualification. The study of HAZ properties
frequently focused on the bulk microstructures of the HAZ. Some features like Martensite-
Austenite (MA), and localized carbides can determine the properties of the bulk structure. These
may form in specific regions of the HAZ depending on the thermal cycle experienced in different
zones of the HAZ, and it depends on the initial microstructures before heating of the steel during
welding. The MA islands are localized zones that can form in the HAZ of pipeline weld and
drastically change the properties of the entire HAZ. MA is a microconstituent which is generally
a combination of two finely intermixed phases (martensite and austenite), and its contribution to
mechanical properties is controversial and ambiguous, which consequently warrants further

scrutiny in the present research.

1.2 Problem statement

Although some studies have examined the fraction, size, morphology and distribution of
MA as these relate to strength, ductility and toughness, the conclusions of many researchers are
contradictory. In some research, MA has been referred to as beneficial [12], while others
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pinpointed MA as detrimental to properties [8]. However, the reasons leading to these
contradictory results are not often investigated. In addition, most of the studies lack comprehensive
evaluation of the MA features since these microconstituents can be submicron-sized and difficult
to characterize. Therefore, it is difficult to conclude what role MA has on the yield point, tensile
strength, ductility and toughness, considering reports have suggested it is both beneficial and
detrimental. Most studies considered it as a single phase microconstituent while it is often
composed of a fine mixture of austenite plus martensite. In addition, some features of MA such as
the locations of martensite-austenite inside the microconstituent, martensite to austenite ratio, and
the varying properties of different MA structures have not been considered.

Moreover, the role of MA on mechanical properties, the mechanisms controlling MA
formation during a rapid thermal cycle is also perplexing, particularly the effect of cooling rate
and peak temperature. According to some literature, there is an increase in MA fraction with
increasing cooling rate [12] while some studies also suggested that there is a decrease of MA
fraction with increasing cooling rate [13]. The peak temperature of a particular thermal cycle can
also have a significant impact on MA formation, since it could affect the prior austenite grain size
and austenite fraction, which would also influence the resulting MA fraction, size and morphology.
These issues leave a considerable field of inquiry in this area, and require a number of techniques

to be applied to clarify these details.



1.3 Objectives

The current work is performed to address the lack of knowledge about MA and focuses on
a detailed study regarding the MA size, fraction, internal structure, distribution, morphology and
its effect in linepipe materials. The goal is to identify the parameters related to MA that could
affect material properties, and develop a methodology to study MA in a particular material and its
effect on mechanical properties. In the current thesis, the role of MA on tensile strength and impact
toughness will be evaluated in the X80 as a case study, however general conclusions may be

applicable to the wider range of thermo-mechanically processed HSLA steels.



1.4 Thesis outline

In this research, initially the formation of MA has been studied in real weld thermal cycles,
and subsequently its effect on tensile properties has been evaluated. Later, a simulated thermal
cycling was applied which will produce microstructures similar to a real weld with the same tensile
and toughness properties. In addition, the efficiency of a tempering cycle to improve tensile
properties has been also evaluated by decomposing detrimental MA. This thesis contains eight
chapters, including the following:

Chapter 2, a literature review of MA formation in steels, including a theoretical background
theory related to linepipe alloys.

Chapter 3, provides a description of characterization methodologies that includes details of
different instruments and technique, which has been used throughout the different chapters of this
thesis.

Chapter 4, investigates the role of MA size, fraction, distribution, and morphology on
strength and ductility of X80 linepipe materials in Gas Metal Arc Welding (GMAW) welding.
Two GMAW welds were produced using two different consumerable filler wire and the doubly
thermal (overlapped) cycle zone properties were compared.

Chapter 5, determines the contribution of MA size, fraction, and distribution in straining
behavior of localized microstructure using simulated HAZ (Intercritical Reheated Coarse Grain
HAZ) produced in a Gleeble thermal simulator.

Based on knowledge achieved in Chapter 2-5, Chapter 6 showed the development of an
optimum tempering thermal cycle that was used to improve tensile properties of GMAW of X80
material.

Chapter 7, evaluates the role of MA size, fraction, distribution, and morphology effect on
toughness using heat treatment process.

Chapter 8, reports the main conclusions and provides an outlook for future investigation.



Chapter 2 : Theoretical Background

2.1 High strength low alloy steel for pipeline application

A larger volume of gas and oil can be transported through pipelines over long distance by
increasing the operating pressure [4, 5]. However, it is necessary to make sure that the pipeline
material is strong, tough and thick enough to sustain this high-pressure transportation. On the other
hand, a reduction in wall thickness and diameter can reduce the cost of pipeline construction.
Moreover, a decrease in thickness will result in a reduction in construction time due to the lower
volume of weld metal deposition [14]. Current HSLA steels are produced to attain better
mechanical properties, reduced wall thickness and make pipeline construction economical. A
summary of requirements for high strength pipeline development are shown schematically in

Figure 2-1
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Figure 2-1 : The requirement of high strength steel pipelines [15]

Structural applications like pipeline require high strength and toughness which is achieved
with HSLA steel that is produced by TMCP. The yield strength of HSLA can vary from 250 to
590 MPa while its ductile to brittle transition temperature (DBTT) can be as low as -70°C [16, 17].

Specific combinations of alloying elements lead to high strength properties in HSLA steels which



can increase the hardenability by retarding the formation of pearlite and bainite while promoting
martensite transformation. Alloy composition greatly affects microstructure of the steel and the
microstructure toughness can change dramatically at low temperature. Mechanical properties of
HSLA steel can be modified by changing chemical composition and rolling parameters i.e.

temperature, rolling passes, finish temperature.

2.2 HSLA classification and composition

Conventional stress based pipeline (design for maximum stress capacity) is used where
containment of high-pressure gas is required because it meets the strength requirements. In
addition to stress based design, the strain based pipeline design also considered now a days where
material deformation ability is more important than the stress that would occur from ground
movement associated with frost heaves or setting in areas of unstable permafrost [18]. The
pipelines in arctic regions must traverse areas of continuous or discontinuous permafrost; so, a
strain based designed is more relevant in such cases. In strain-based design, the strain increases
smoothly near the yield stress preventing the occurrence of yield point elongation. The difference

between stress and strain based design pipeline steel is shown in Figure 2-2
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Figure 2-2 Stress based and Strain based pipeline difference [19]

The main specifications for pipeline steels are covered by the American Petroleum Institute

(API) standard 5L, in which several HSLA steels such as 5L X52, X70, X80 are distinguished by

the specified minimum vyield strength, i.e. X52 being at least 52 ksi yield stress or 359 MPa.
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Polygonal ferrite and pearlite is the microstructure of initial grades steel such as X52 or X65 [20].
A 550 MPa and an ultimate tensile strength of 620 MPa for X80 steel is reported while X100 line
pipe steel shows superior strength of 680 MPa yield strength and 800 MPa tensile strength [21].

The X52 microstructure essentially consists of ferrite and pearlite with varying amounts of
interspersed pearlite, while X70 grade linepipe is a ferritic pearlitic structure produced by micro-
alloying and TMCP technology [22, 23]. Higher strength and toughness were achieved in X70
linepipe steel that is dominant in ferritic-pearlitic microstructure. Desirable mechanical properties
were mainly achieved in X70 material through grain refinement and the promotion of non-
polygonal microstructure constituents such as irregular ferrite. In contrast, X80 and higher grades
linepipe steels consist of predominantly ferrite and bainitic microstructures. X80 linepipe steel can
also be comprised of tempered bainite and tempered martensite. A lower carbon percentage with
high manganese content and microalloying elements like niobium, titanium, vanadium, copper,
nickel and molybdenum can present in X80 linepipe steel. Fine grained irregular ferrite, including
randomly distributed martensite/austenite islands and complex precipitates can resulted through
rolling strategy following by accelerated cooling [24]. These microstructures allow for increased
operating pressures of large diameter pipelines, while the wall thickness can be decreased for
economic reasons. Higher HSLA alloy steels like X100, X120 are currently under development
[25, 26] while X100 steel has been used by TransCanada Pipelines Ltd. for purpose of
demonstration and test. However, higher hardenability leads to susceptibility to brittle fracture
which is a challenging commercial application of X100 steel [27].

The microstructure and properties of HSLA steel are greatly affected by the microalloying
elements, where the total amount of alloying elements are kept below 3wt% [28]. Different
alloying elements are added for different purposes. Carbon is added to increase the strength of
steel; however, the addition of an excess amount of carbon can deteriorate weldability and low
temperature toughness because of its tendency to form brittle martensite. Therefore, the carbon
content is normally kept low usually below 0.07wt% in pipeline HSLA steels to maintain low
temperature ductility, weldability and formability [29, 30]. Manganese can increase hardenability
of steels(which is the ability to increase hardness with increased cooling rate) without reduction in
toughness and it can also decrease the DBTT [31]. Chromium (Cr), nickel (Ni) and molybdenum
(Mo) can also increase the hardenability. Additions of Cr, Ni and Mo can also increase solid

solution strengthening where Cr can increase the yield strength and corrosion resistance properties



[28]. Titanium, vanadium and niobium act as grain refinement by preventing the grain growth
during austenite transformation and precipitation former elements. They can act as carbide and
nitride forming elements and increase strength, ductility and toughness even at low concentrations
(below 0.2wt% for example) [32]. Significant grain refinement with moderate precipitation
hardening can be attained using niobium. However, vanadium has a weak grain refinement
contribution to strengthening. Increased strength through precipitation hardening and grain
refinement can be attained using titanium [33]. Silicon is effective in deoxidizing the steel, and
will increase the tensile strength but decrease the ductility and increases the impact transition
temperature. Nitrogen, sulfur and phosphorus levels should be kept <0.05wt% in steels due to

detrimental embrittlement and the potential for weld hot cracking [28].

2.3 Welding in linepipe steels

Although, the good strength and toughness of HSLA steels has been ensured through the
production procedure and TMCP technology, a drop in properties can occur in the HAZ after
welding. Although there is advancement in production of pipeline steel, the thickness of the
linepipe for most applications exceeds the range which can be joined by single pass welding. So,
multipass welding is needed to join the linepipe, which then leads to reheating of the HAZ.
Significant change in HAZ properties can occur from multipass welding. The heating process
during welding can transform the base metal microstructure to austenite and on cooling to room
temperature this can form ferrite and bainite microstructures which can contain MA
microconstituents at prior austenite grain boundaries and inside the grain, depending on the
thermal cycle [34].

The welding process used by pipeline manufacturer involved fusion welding which involved
arc, generate by electricity. Manual Arc Welding, Gas Metal Arc welding (GMAW), Shield Metal
Arc Welding (SMAW) and Submerged Arc Welding (SMAW) are some common welding process
used to pipeline steels. Although, different welding processes are currently under investigation by

various researchers, GMAW and SAW are still very popular among pipeline manufacturers.



Gas metal arc welding (GMAW)

GMAW involved establishing an arc between the filler wire and base metal where filler wire
is melted continuously and deposited in welded joint. Inert gas like argon or helium used during
the process to shield the arc and molten pool and hence the terminology, Metal Inert gas (MIG)
welding processes. However, non-inert gases like CO», lead to the more general term, GMAW,
instead of MIG.

Submerged arc welding (SAW)

SAW is used for welding large diameter pipe which is very economical and practical
techniques where a faster welding speed can be attained because of higher weld metal deposition
rates. It is an automatic or semi-automatic process where electrode and flux are added in weld area.
The arc is produced between the wire and the plate to be welded, and the electrode melts under the

flux while it is deposited.

Weld structure

The welded structure in pipeline can be divided into weld metal, HAZ and base metal. Weld
metal and HAZ (close to fusion line) can undergo different thermal cycles during welding which
results different microstructure, however, the base metal away from fusion line remains unaffected.
Weld pool can experience a wide range of cooling rate on cooling depending on welding
parameters hence a wide range of microstructures can occur. Although the weld metal is very
important to weld structure, this region beyond the scope of current research which focuses on the
HAZ.

The present research is more focused on the transition section between weld metal and base
metal, corresponding to the HAZ metal. The inferior mechanical properties in HAZ have led to a
lot of attention to the pipeline manufacture and researcher. The inferior properties often resulted
from change in metallurgical factor due to welding thermal cycle. Investigation of HAZ formation
and its metallurgical properties required rigorous investigation, where one should be able to
distinguish multiple sub regions in a single thermal cycle HAZ. In addition, multipass welding in
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pipeline results different zones in HAZ goes undergo multiple thermal cycle. The following section
will explain the different sub-region of the weld HAZ, which can result from single and multipass

welding processes.

2.3.1 Single thermal cycle HAZ in welding

Welding causes the formation of a HAZ. A single pass weld HAZ can be divided into four
regions based on peak temperature reached at the regions during the weld thermal cycle. These
zones are designated as Coarse Grain Heat Affected Zone (CGHAZ), the Fine Grained HAZ
(FGHAZ), the intercritical HAZ (ICHAZ) and the subcritical HAZ (SCHAZ). The resulting zones
and microstructures based on different peak temperatures are related to the steel phase diagram is
shown Figure 2-3. The temperature at which material starts to transform is called the austenite start
temperature (Acl- where A for austenite and c¢ being derived from the French chauffant). The
temperature at which material completely transform into austenite is called austenite finish
temperature (Ac3). The zone closesd to the fusion line completely transform into austenite as the
temperature in this region reach above Ac3, and is called the CGHAZ. During cooling, the
microstructure can transform to different microtsturcture depending on cooling rate. The size of
austenite grain size decreases with distance from the fusion line, and this zone is referred as
FGHAZ. The temperatures outside the FGHAZ are sufficient to partially transform to austenite
during heating since the temperature in this region lies between the Acl and Ac3 temperature, and
this location is referred as the ICHAZ. Further away from the weld, the temperature in SCHAZ
does not exceed Acl and the microstructure in this zone is in close proximity with base metal.
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[35]

2.3.2 Multipass welding

A series of repeated thermal cycles within the weld during multipass welding results
various microstructural areas in the HAZ which make characterization of each region more
complex. Toyoda investigated low alloy carbon manganese steel and identified six different zones
in the HAZ of a multipass weld (Figure 2-4) [36]. Therefore, a range of microstructures instead of
one microstructure will be resulted due to the different heat treatment experience in multipass
welding of weld. The temperature in CGHAZ can reach well above Ac3 while the temperature in
FGHAZ reaches just above Ac3. However, the temperature in the intercritically reheated zone
reaches between Acl and Ac3, while the peak temperature in sub critically reheated zone never
exceeds Acl. Locally different cooling histories based on the TTT (time-temperature-transition)
results in locally different microstructures that strongly depend on specific position within the
weldment.

The HAZ in structural steels has a typical width of 2-5 mm adjacent to the fusion line, and
can contain a wide variety of microstructures ranging from martensite and upper bainite near fusion

line to ferrite or pearlite near the unaffected part of base metal. The structural integrity of the
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weldment can be affected by the properties here since these various microstructures can produce
important strength mismatch effects. The application of a wide variety of welding procedures from
classical fusion welding to solid state joining (operated at temperature below melting point) makes
it difficult to generalize properties about the HAZ. Deformation and fracture behavior vary for
different areas of weldment. The capacity for plastic deformation across the joint is described by
the by stress-strain curve, which depends on the average microstructure over large area of the weld
whereas the tensile strength and fracture toughness for different microstructure is highly localized

parameter which primarily depends on the microstructure in the relevant fracture location.
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HSLA steel strength and high fracture toughness can deteriorate significantly after a
welding thermal cycle, such that it is often the weakest or most brittle part of weld. The CGHAZ
in single thermal cycle weld and intercritically reheated coarse grain HAZ (ICRCGHAZ) in
multipass welding are often exhibiting the lowest toughness. The fracture toughness degradation
is associated to the formation of “local brittle zones” in HAZ which are harder compared to the
matrix. Significant embrittlement can be observed in the CGHAZ in particular and in the
ICRCGHAZ of multipass weld [10, 38, 39]. However, the lowest toughness may also occur in the
intercritical HAZ (ICHAZ) or subcritical HAZ (SCHAZ) [4, 7, 8]. A variety of microstructure can
evolve in the HAZ depending on temperature, cooling time. Different metallurgical factors such

as microstructure of HAZ, prior austenite grain size, bainite packet size, and the distribution of
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second phase (carbide, or MA) can influence the fracture toughness of HAZ. The following section

will give a brief description of different microstructures that evolve in HAZ of pipeline welding.

2.3.3 Microstructure evolution in low carbon steel HAZ

The time-temperature transformation diagram in Figure 2-5 for steel is showing various
microstructure that can form in steel depending on cooling rate. In the following section, different

types of microstructure formed in steel will be discussed in detail.
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Pearlite Starts
Austenite g i
Bainite Starts
/’Region of Incomplete
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Ms ‘\\ A+F+C
ey iy ( F+C

Time —=

Figure 2-5 Isothermal transformation diagram for steel where A, F, C represent austenite,

ferrite and carbide and Ms is martensite transformation start temperature [40]
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Polygonal ferrite/pearlite

Polygonal ferrite will form when austenite is cooled at sufficiently slow cooling rates.
Nucleation of ferrite will occur at grain boundaries at the Ar3 temperature and grain boundary
allotriomorphs will result as ferrite, will continue to grow along austenite grain boundaries,
followed by growth into equiaxed grains [41]. The maximum solubility of carbon in ferrite is
0.02wt%, so growing ferrite from austenite rejects carbon to the surrounding austenite. Austenite
becomes enriched in carbon and a different concentration in ferrite and austenite will result. Long
range diffusion of carbon primarily controls ferrite growth. In low carbon steel the mechanism
shift from diffusion controlled to a mixed mode mechanism; in addition to long range carbon
diffusion, interface related reactions such as solute drag control the interface propagation occur
[41-43].

Pearlite (lamellar structure of ferrite and carbide) microstructures occur when the
remaining high carbon austenite transforms at very slow cooling rates. Pearlite consists of
alternating colonies of alternation lamella of ferrite and cementite. The rate controlling parameter
for pearlite formation is carbon diffusion which requires sufficiently high temperature. Austenite-
ferrite interface is the preferred nucleation location for pearlite, which is subsequently followed by
lamellar pearlite colony growth into austenite. The driving pressure for the reaction will increase
as the transformation temperature is lowered, however diffusivity will decrease such that the
pearlite interlamellar spacing is reduced.

Irregular/Quasi polygonal ferrite

Nucleation of irregular ferrite mainly occurs heterogeneously at grain boundaries and the
transformation can occur by short range diffusion across the transformation interface. Interstitial
or substitutional atoms partitioning can result in an irregular grain boundary and due to
competitively migrating interfaces [41, 43, 44]. Entrapped highly dislocated substructures and
retained austenite or martensite/austenite constituents can be observed in irregular ferrite by

microscopy [45].

15



Upper and lower bainite

Carbide precipitation in upper and lower bainite is indication of diffusional transformation
in bainite. However, the bainite crystallographic orientation relationship with the parent austenite
is similar to Kurdjumov-Sachs orientation relationship, suggests it is a diffusion-less
transformation product [46]. So the exact transformation mechanism remains a debated issue.
Some details of this transformation mode remain controversial i.e., changes in chemical
composition during onset of bainite reaction, ferrite component growth mechanism and carbide
precipitation source. Researchers continue to be divided regarding the transformation mechanism
for bainite, with some believing that bainite is diffusional or reconstructive transformation product,
while other arguing bainite forms by a displacive transformation.

Bain and Davenport introduced the term bainite, which was discovered through improved
interrupted isothermal transformation tests, and these were the first time temperature
transformation diagrams to indicate bainite in 1930 [47]. Zener et al. reported bainite as acicular
mixture of ferrite and cementite. Bainite form as super saturated solution by migration of glissile
interface [48]. They suggested that supersaturate ferrite will reject carbon to the remaining
austenite before the next unit of bainite forms, which can cause carbon enrichment in austenite.
Ko and Corrtrell et al. observed surface relief in lower bainite which was attributed to dislocation
glide and coordinated atoms movement across the interface, however, a lower transformation rate
than martensite suggests that migration at the interface is diffusion controlled [49].

The bainite growth rate is controlled by carbon diffusion, and is reported in several studies
[50] while the opinion of displacive theory has also been given [51]. In debate, diffusional grow
theory was proposed by Asronson et al. [51]. However, Bhadeshia and Edmonds claimed that
bainite grows by displace transformation mechanism based on microstructural observation and
thermodynamic analysis. Bainite growth was accompanied by shape deformation. They concluded
bainite transformation as diffusion-less, however shortly after arrest of growth carbon partition
into residual austenite. Formation of carbide by precipitation is thereby considered as secondary
event [52].

Both upper and lower bainite consist of aggregates of plates or sheaves of ferrite; the ferrite
could be separated by untransformed austenite, cementite or martensite. Upper bainite form as at

higher temperatures consist of parallel ferrite laths series separated by continuous of semi
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continuous layer of MA, retained austenite or carbide. Lower bainite formed at a lower temperature
and due to limited diffusivity, contains an intra-ferrite distribution of MA, carbide particles and

ferrite take the form of laths or plates.

Martensite

Martensitic transformation occurs below the martensite start temperature during rapid
cooling and it requires a very high driving force. Transformation to a body centered tetragonal
martensite crystal from a face cubic centered austenite crystal occurs by shear. This requires atoms
to move less than one interatomic distance. A 3% volume increase can result due to a coordinated
movement of atoms. Shape change can induce high elastic tension which can be reduced by slip
or twinning, and results in an increase in the hardness of martensite [53].

Martensite morphology is strongly depend on alloy composition mainly on carbon content.
Influence of carbon content on the morphology of martensite during cooling is investigated by
Stromvinter et al. [54]. They reported a carbon content less than 0.6wt% in lath martensite and

more than 1.0wt% carbon in plate martensite.

Martensite/Austenite (M/A)

Apart from the typical microstructures which can occur in the HAZ (martensite, bainite,
ferrite), other microconstituents can also play a significant role in mechanical properties of HSLA
steel. In particular, the presence of one, the so-called martensite-austenite (MA) grains can have a
critical role on the impact fracture toughness, strength and ductility. MA is a small constituent that
is a combination of martensite and austenite in what appears to be one grain, which can and forms
in the HAZ or weld metal. The martensite transformation is essential for formation of MA
constituents, relying on austenite transformed by rapid cooling to room temperature, Martensite
forms in hardenable steels (i.e. quenched steel and tempered to improve their strength), and is a
supersaturated form of ferrite with a body centered tetragonal crystal structure with very high
hardness. Martensite formation occurs at temperatures typically below 500°C, and is diffusion-
less rapid process. The martensite start temperature is designated as Ms and referred to the

temperature where the diffusion-less transformation starts. The transformation continues in a
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displacive mode, until it reaches the martensite finish temperature (Ms). A small amount of
austenite can be retained in the MA, with the austenite enriched in carbon thereby stabilized.
Hence, some of the parent austenite may be retained to room temperature, and does not transform
or only partially transforms below the martensite start temperature remains in the
martensite/austenite constituent [55, 56]. Pipeline steels may reach thickness over 25 mm, which
may result in rapid cooling due to significant heat sink effects due to surrounding material and the
environment. In such cases, formation of MA in the HAZ might be inevitable depending on
thermal cycles, and may vary from material to material depending on grain size, cooling rate,
carbon equivalent (meaning the combined effects of different alloying elements to calculate an

equivalent amount of carbon in steel) and hardenability [57].

2.4 Formation of Martensite-Austenite (MA)

The HSLA steel base metals used in pipelines will endure complex changes and
transformations during welding. The peak temperature in ICHAZ of HSLA steels can be in the
intercritical temperature range (between Acl and Ac3 or approximately 750 to 850°C), and on
cooling to room temperature, the MA constituents can form in this zone (Figure 2-6a). In addition,
the CGHAZ is reheated into the mixed austenite and ferrite region (between the so-called Acl and
Ac3 temperatures) when multipass welding is performed (Figure 2-6b&c). Austenite grows
preferentially in prior austenite grain boundaries of the CGHAZ in second thermal cycle during
heating. With rapid heating rates and shorter holding times between Acl and Ac3, only carbon is
partitioned between ferrite and austenite. In the process, austenite islands are enriched in carbon.
During cooling stage austenite transform to martensite with some austenite remaining which is
called MA (Figure 2-6d) [7, 39, 56, 58]. It has been reported that the toughness of the ICHAZ and
ICRCGHAZ is mainly controlled by the size and volume fraction of MA constituents [59].
However, the MA fraction, distribution, morphology of MA is also important to toughness [58].
MA can form as a grain boundary network, inside the grain and triple junctions of grain boundaries.
Depending on their morphology and location, MA grains can change the properties of the material

at low temperature.
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profile in ICRHAZ (d) MA appearance [56]

Several different mechanism of MA formation has been proposed. According to Davis and
King [8], the CGHAZ of HSLA steel comprised of upper bainite and is reheated to intercritical
temperature in second thermal cycle. During the second thermal cycle heating, austenite nucleates
and grows along the prior austenite grain boundaries. In addition, austenite also grows along
bainite lath boundaries. On cooling the austenite transforms into MA and located in grain
boundary. Davis and King [8] explained the MA formation from reheating of upper bainite
structure. Austenite nucleates from prior austenite grain boundaries and bainite lath boundaries.
Austenite becomes rich carbon and there will be insufficient time for carbon diffusion. On cooling,
this carbon rich austenite will transform into MA.

However, Matsuda et al. [60] in his review paper have explained the MA formation mechanism
proposed by Nakao et al. [61] which is slightly different from that proposed by Davis and King
[8]. Nakao et al. [62] proposed two MA formation mechanisms based on peak temperature in
second thermal cycle. In the first mechanism, reheat temperature is above Ac3 while reheat
temperature is between Acl and Ac3 in the second mechanism. According to Nakao et al. [62] the
austenite grows in high carbon region (prior austenite grain boundary-such as B and C) when
temperature reaches above Ac3, as indicated in Figure 2-7. At high temperature, a high carbon

region can exist since temperature is not high enough to diffuse carbon uniformly. The subsequent
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cooling led formation of ferrite and bainitic ferrite in low carbon region (E and F) while MA

constituents form in high carbon austenite region (G).

Figure 2-7 Formation mechanism of MA in low hardenability region [62]

The second mechanism suggested that, there could be precipitation of carbides on the coarse
prior austenite grain boundaries after first thermal cycle. The second thermal cycle results a
temperature peak between Acl and Ac3 in the microstructure, and Figure 2-8 indicates that
austenite grows along the grain boundaries (B) and the carbides dissolve into austenite regions (C).
On cooling, the austenite fraction decreases and remaining austenite become enriched in carbon

(D). Finally, part of the austenite will transform into MA [63].
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The key difference is that the steel used by Davis and King [8] is produced by thermo-
mechanical process and the base metal microstructure is ferrite and tempered bainite. The steel
investigated by Nakao et al. [62] did not utilize the TMCP processed steel and the first thermal

cycle steel microstructure was ferrite instead of bainite.

2.5 MA morphology

The morphology of MA constituents during welding is dependent on the cooling time [58,
64]. Two distinct morphologies of MA have been reported in several studies [8, 58, 65, 66].
1. Blocky particles are usually 3 to 5 um in diameter [8]. These form at prior austenite grain
boundaries, often referred to as MA islands [58], which are formed at longer cooling times.
2. Elongated stringer or lath-type MA constituents form between bainite or martensite laths.
Stringer MA are 0.2 to 1 um wide and several microns in length [8] and the aspect ratio is 3:1 or

more. The shape of MA is strongly affected by the crystallography of the surrounding bainite.
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Elongated MA grows along the growth direction or habit plane of surrounding bainitic ferrite
which has been shown by three dimensional analyses. In contrast, bainitic ferrite
which surround MA with different habit planes or elongation directions produce blocky MA [67].
They are formed at short cooling times; however, the thickness of stringer MA will increase with
increasing cooling times.

In addition to blocky and elongated MA, Li and Baker et al. [58] reported MA-C particles
consisting of MA mixed with other phases i.e. carbide and ferrite. Moreover, Qiu et al. [68] and
Luo et al. [69] reported another type of MA which is designated as “Dot” type MA.

Terasaksi and Komizo et al. [70] considered the shape and composition of MA relative to
the amount of low angle grain boundaries within a given Bain group. MA constituent were found
to be elongated with more retained austenite and less residual martensite in structures with a low
density of low angle grain boundaries (LAGB). High densities of LAGB in the Bain group will
result in blocky MA and contain a higher fraction of martensite. It is suggested that the MA
formation process is governed by the morphology of bainitic ferrite which influences the stability
of austenite. Blocky MA islands will form with sizes between 0.5 and 5 pm while elongated MA

were reported with a length of 10 pum and a width between 0.2 to 2 pm.

2.6 Appearance and internal structure of MA

The MA formation location, and its surrounding structure can have significant effect on its
structure. Since MA is very small, it is hard to distinguish MA from carbide by optical microscopy,
particularly “dot type”. SEM investigation is required to confirm the presence of MA
microconstiuents. However, LePera etchant has been produced to distinguish MA via optical
microscopy. It has been reported that the MA constituents appear white in color under microscope
when LePera etchant is performed [71]. However, it is not possible to distinguish martensite or
austenite individually as both of them appear white in colour using an optical microscope when
using LePera etchant [72]. An example of MA with a white appearance is shown in Figure 2-9a.
However, several other methods have been used to study internal structure of MA. These include
EBSD (Electron backscatter diffraction) to map internal structural of MA, and Li et al. [73] has
shown that the high band contrast of MA provides good contrast versus the ferrite matrix using
EBSD (Figure 2-9b). Reichert et al. [74] successfully index the internal structure of MA using
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EBSD (Figure 2-9c), and it has been found that the MA constituents in prior austenite grain
boundaries are predominantly martensitic, while MA inside the prior austenite grains are mainly

retained austenite.

Figure 2-9 : (a) Appearance of MA in LePera etchant [71] (b) EBSD Euler slope map of MA
[73] (c) indexing MA using EBSD [74]
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Although MA constituents are defined as a combination of martensite and austenite, the
relative position of martensite and austenite inside MA can vary. Lambert et al. [75] showed that
austenite can be found in the periphery and the martensite in middle of the MA by observation of
SEM using Villela etchant reagent (ethyl alcohol 95 ml, hydrochloric acid 5 ml and picric acid 1
g) (Figure 2-10a). The internal structure of MA constituent was investigated further by
Shanmugam et al. [76] in a Nb-microalloyed steel and found alternating layers of ferrite, martensite
and retained austenite inside MA constituents (Figure 2-10b). In contrast, Wang et al. [77] showed
that MA is actually a combination of islands of martensite and austenite when examined by TEM
(Figure 2-10b&d).

Hrivnak et al. [78] reported that in addition to martensite and austenite, carbide could exist
inside MA. The carbide could precipitate from austenite or self-tempering of martensite and
classified into two types; coarser globular cementite particles precipitates from austenite and
usually located inside austenite or boundary of austenite. In contrast, one can find needle-like or
dendritic cementite precipitates inside martensite following self-tempering. It was also reported
that there could be two types of martensite inside MA (dislocation-rich lath martensite when
carbon contents are low, and plate martensite with higher carbon contents above 1wt%). The lath
martensite contains a high dislocations density and very fine needle like cementite particles, which
could precipitate during self-tempering. In the plate martensite, the laths are internally twinned
and there are no cementite particles. Like Wang et al. [77], Hrivnak et al. [78] also reported that
the austenite form as islands inside MA. Li and Baker et al. [58] observed carbides in MA, though

a carbide structure is different from the observation of Hrivnak et al. [78].
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Figure 2-10 : Micrographs obtained by (a) SEM and (b) alternate layer of martensite and
austenite inside MA [76] (c,d) TEM, showing the substructure contained within an
MA region [77]

Luo et al. [69] observe dot type MA, martensite dominant slender type of MA and massive
MA with shell of martensite and core austenite while using TEM analysis when a heat input of 15
KJ/cm, 30 KJ/cm and 50 KJ/cm respectively was applied in second thermal cycle (Figure 2-11).

MA constituents with “round dot shape” are not harmful to toughness test [69]. MA constituents
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with a slender shape (Figure 2-11b) contain almost entirely martensite, leading to lowest
toughness. While the massive ones (Figure 2-11c) have a core-shell structure with martensite
forming the “shell” and austenite forming the “core”, which provides better toughness compared
with structures with slender MA [69].

Ac3

’
. 4 . . '
AC 1 ’ High carbon content
. ' 7 ' . . - |
’ ) . Low carbon content

I —

Massive MA
constituents with
core-shell structure

Small dotted Slender
MA constituents MA constituents

Figure 2-11 : Hllustration of formation of MA constituents with different morphologies (a)
“Dot” type MA (b) slender MA (c) blocky MA with core shell austenite [69]

2.7 Properties of MA

MA properties can vary based on their morphology, carbon content and relative martensite-
austenite percentage. The MA usually contains a higher percentage of carbon because carbon does
not get the chance to diffuse. Lambert et al. [38] found that the MA contain 0.6 to 1.1wt% carbon.
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However, the difference in carbon concentration between austenite and martensite inside MA has
not been investigated in any works. The strength and hardness of MA is correlated to carbon
content in nearly linear manner [79]. The hardness of blocky MA is reported to be 800 to 1200 HV
while for elongated MA it is 600 to 800 HV [78, 80], and the hardness of MA maybe predicted as
follows [78]:

HVMA=575C + 15, . Equation 2-1

where, C is the carbon content in wt%.

2.8 Factors affecting MA constituents formation
2.8.1 Chemical composition of steel effect on MA formation

Numerous alloying elements could facilitate the formation of MA, as reported by several
researchers. Carbon, boron and nitrogen has been reported to be strong MA formation elements
while niobium, vanadium, molybdenum and chromium carbide forming elements also can assist
MA formation in some extent [63, 81, 82]. Manganese, nickel and phosphorus segregation during
solidification and carbon, nitrogen, boron segregation during transformation can facilitate the
formation of MA [63]. The following sections will summarize the observed role of various

elements on MA.

Carbon

An increase in MA fraction with the increase of carbon content of steel is commonly
reported. However, the carbon content in steel has little effect in the carbon content of MA.
Harrison and Webster et al. [83] proposed an alloying factor to predict the MA fraction in steel.
An equation is proposed (as follows) for steel, which contains carbon between 0.06 to 0.11wt%.

MA fraction in steel will be lower than 6% if the alloying factor (AlIF) value is less than 0.32wt%,

Si+Mn Cr+Mo+V+Ni+Cu

AlF = S - 5 ,0.06< C<0.11wt% ... ... .o e eee eee e o . EQuation 2-2

Relatively high carbon content for MA in comparison matrix is reported in several studies.

It is reported that the carbon enrichment in MA could reach 6at% which is equal to 1.4wt% for a
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typical steel [84]. Li et al. [85] reported contents of 0.49wt% carbon and 2.32wt% Mn inside MA.
Contents of 7at% carbon and 5at% manganese were measured due to the effect of segregation at
the MA/matrix interface (Figure 2-12). The segregation of C, Mn, Mo, Ni and Cr in MA/Quasi
Polygonal Ferrite (QPF) at the interface has been also reported by Lee et al. [86] which further

supports that segregation of carbon at the MA/matrix interface can regularly occur.

%

gt N[\ O/} N @
\‘:‘ \‘\}‘  Yond 7 o /
\/,. ’} ; o 40nm\ﬁ ;ro
j —C' ’ lnlc'r:'luv:,_ (e) ] ‘:‘ - —0C | (0
2 ® Tk b
g g iv MA § 2 f%,[ x ji R .ﬁﬁ
§'3 : £ el Bosf T 1‘ J‘*ﬁ,‘ gr‘ ?N
8 2: Ferrite matrix f_‘ w E ,ijSJ ?"!‘,;W & |
O_AM ) B -

-15 -10 5 0 5 10 15 % )
Distance (nm)

Distance (nm)

Figure 2-12 : (a—d) APT reconstruction maps of carbon and alloying elements, (e)
composition profile of carbon and alloying elements across ferrite, interface and M-

A constituent, and (f) variation in C, MN, Nb composition within the M-A constituent
[85]
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Niobium and vanadium

The hardenability of the re-austenitized regions could be increased due to some carbide
forming elements during a second thermal cycle, which can promote formation of MA
constituents. It is reported that Nb segregates easily to prior austenite grain boundary and decreases
the activation energy and diffusion rate in carbon because of its high affinity for carbon [87]. In
addition, a small addition of carbon can suppress the nucleation of ferrite from prior austenite grain
boundaries and increase the volume fraction of martensite and austenite [88]. These all decrease
the nucleation rate of ferrite and increase the fraction of MA. Moreover, retardation of MA
decomposition is reported during the second thermal cycle because of presence of this carbide
forming elements [63, 81]. A higher volume fraction and an increased size of MA are reported
when the vanadium weight percentage is increased from 0.05 to 0.11%. Moreover, an increase in
the size of MA is reported when 0.031 wt% Nb was added to steel [58].

Chromium, Molybdenum and Manganese

Mn, Cr and Mo can reduce the bainite start temperature, which can help to promote MA
formation by extending the stability of austenite of lower temperatures. This will allow regions of
austenite to remain and increase their chance to reach the martensite start temperature. In addition,
the hardenability of re-austenized regions during the second thermal cycle could be increased by
adding Cr and Mo which can promote MA formation [38].

Nickel and Copper

Hardenability and upper bainite content can decrease by adding copper and nickel which
could results in reduced MA fraction [89]. Furthermore, the Al-Ni chemical attraction force can
prevent carbon enrichment in austenite which will form between bainite ferrite plates during weld
cycle [89]. Since nickel is also an austenite stabilizer, it will promote formation of more austenite

within the MA versus martensite.
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Aluminium and Silicon

Aluminum prevents carbon diffusion and carbide precipitation from austenite, thereby
facilitate MA formation [63]. Silicon is also reported to retard the cementite precipitation and
facilitate MA formation. Moreover, silicon can promote twinned martensite and formation of MA
constituents [63, 90]. There is evidence that silicon will also segregate to MA, as a high silicon

content in MA was reported by Lan et al. [91] when using electron probe micro-analysis (EPMA).

2.8.2 Peak temperature effect on MA formation during welding

In addition to chemical composition, the peak temperature during thermal cycle can
contribute to MA size, fraction and distribution. The peak temperature in the HAZ during a weld
thermal cycle determines the prior austenite grain size and the percentage of structure austenized,
hence can have significant effect on MA formation. The cooling from the peak temperature in the
first thermal cycle could facilitate formation of MA in the ICHAZ region (Figure 2-4). A second
thermal cycle with an intercritical peak temperature can then have a more significant effect on MA
fraction. The volume fraction of MA increases in the ICCGHAZ with an increase in intercritical
peak temperature, as reported by Davis and King [56]. King et al. also showed that low temperature
intercritical heating can cause more grain boundary MA formation while higher intercritical
temperature causes intergranular MA formation [8].

Peak temperatures have significant effect on prior austenite grain size which can affect the
MA formation. Studies have been performed to correlate the prior austenite grain size effect to
MA formation. Li et al. [73] reported that coarser MA size is associated with larger prior austenite
grain size. A prior austenite grain size more than 30 um and MA grain size more than 2um is

proposed to be detrimental for toughness.

2.8.3 Cooling rate effect on MA formation

In addition to chemical composition and peak temperature, cooling rate can also be very
influential for MA formation. Although MA has been widely studied in recent decades, the effect
of cooling rate on its volume fraction remains ambiguous [28]; where some researchers have

shown that increased cooling rate will increase the fraction of MA [92, 93], while other work
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suggests a decrease in MA fraction occurs with slower cooling rate [55, 77, 94]. Gonzalez et al.
reported an increase in MA percentage with increased cooling rate for X80 pipeline during heat
treatment [95]. In contrast, Moeifar et al. [94] examined the HAZ of tandem submerged arc welded
X80 pipeline using Gleeble simulation (heat treatment) and reported a decrease in MA percentage
with increase of cooling rate. The review paper on MA, by Matsuda et al. [60] has shown that there
is an increase in MA fraction with increase of cooling time (slower cooling rate) for different steels
which as shown in Figure 2-13a. In contrast, Han et al. [12] has shown that there is an increase in

MA fraction with an increase in cooling rate (Figure 2-13b).
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Figure 2-13 : Effect of cooling rate from 800 to 500°C on MA fraction (a) increase in MA
fraction with decrease in cooling rate [63] where HT-50, HT-60, HT100 is TS 490MPa,
TS590, TS980MPa steel respectively (b) increase in MA fraction with increase in
cooling rate in X80 steel [12]
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2.9 Effect of MA on mechanical properties

2.9.1 MA effect on tensile strength and ductility

The study of MA and its effect in strength has been seldom reported; however the impact
of MA on strength and ductility could be immense. Han et al. [12] reported that there is an increase
in tensile strength with an increase of MA fraction in X80 linepipe materials. Increased tensile
strength with increase of MA fraction can be explained by the results obtained by Yong et al. [96]
who have shown that the formation of MA in the grain boundary can change the direction of crack
propagation by 90° in ultra-fine acicular ferrite structures, as confirmed by TEM characterization.
They concluded that the combination of MA and low angle grain boundaries could have a similar
impact of high angle grain boundary for crack direction change in tensile tests. This suggests that
the presence of MA in a structure can provide better strength. An increase in tensile strength
because of MA is reported by other researchers as well [97].

In contrast, using the acoustic emission technique, Lambert et al. [98]. has shown that MA
is the crack initiation point by performing tensile testing at different temperature (20 and -30°C).
It was shown that some high-energy acoustic events occur in the plastic zone before fracture in the
tensile test, at which point the loading was halted. Performing metallography from those samples
they concluded that high energy acoustic events are related to cleavage initiation, and it was shown
that cleavage initiates inside of MA grain. Therefore, this unique work suggests that MA will
deteriorate the strength of steel by initiating cracks. Moreover, Davis and King [8] also attributed
crack initiation points to MA during tensile tests (at -100°C) in HSLA steel. It should be noted that
the findings of above authors are contradictory, since Han et al. [12] and Yong et al. [96] work
have shown MA can improve tensile strength while Davis and King [8] and Lambert et al. [98]

found MA is deleterious to tensile strength.

2.9.2 Fracture mechanism in tensile test

Researchers also studied the mechanism of failure during tensile tests in the presence of
MA. Chen et al. [99] reported that at room temperature MA could break into several parts and
create voids. An increase of strain could transform the voids in to larger pores and finally

coalescence of these pores leads to failure (Figure 2-14a&b) [99]. They also showed evidence that
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MA debonding occurs in room temperature tensile tests by matching the fractured surface features
on both sides of the failed specimen. Some of the MA was reported to form large holes or dimples
on the fracture surface by coalescence of several smaller holes [99]. Though Chen et al. [99]
reported that MA does not have any ductility at room temperature, Hrivnak et al. [80] contradicted
this and suggested that MA has good strain capacity. The difference in strain capacity for the MA
might relate to the relative percentage of austenite inside the MA regions and the surrounding
structure which was not considered in those studies.

In the case of lower temperature tensile tests conducted by Chen et al., it was found that
there would be a rise in the stress intensity and triaxiality near the interface of the MA and ferrite
on the side of ferrite [99]. At low temperatures, it is difficult for ferrite to deform and finally cleave
at higher stress. However, the MA does not break or debond at low temperature. At low
temperatures (near that of liquid nitrogen) the tensile failure mechanism reported by Chen et al.
[99] indicated that voids formation occurs in the ferrite and the MA interface instead of inside of
the MA regions (at room temperature). The reason for this may be that the stiffer MA causes a rise
in stress triaxility in the interface of MA and ferrite matrix resulting from volume expansion during
austenite to martensitic transformation [100]. At low temperature, it is hard to deform the ferrite

and subsequently any strain will cause cleavage fracture [99].
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Figure 2-14 : (a) MA fragmentation at lower strain (b) void formation at higher strain [99]
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Kim et al. [59] also studied the fracture mechanism during tensile test in the presence of
MA. The ductile and cleavage fracture mechanism is schematically presented (see Figure
2-15a&Db). In the ductile fracture mechanism, void formation is noted at the interface of MA and
ferrite due to ferrite deformation. Higher strain causes those voids to grow in to dimples and due
to significant plastic deformation in the ferrite the MA fracture and coalescence of dimples at 45
degrees leads to fracture (Figure 2-15a) [59]. In the brittle facture mechanism, voids initiate in the
manner as in ductile fracture, however the void grows in the MA/ferrite interface and nucleates a
cleavage crack. This cleavage crack rapidly propagates to reach a prior austenite grain boundary
and links up with shear cracks. However, instead of coalescence the void formed travels quickly
through the grain to the prior austenite grain boundary and then follows a zig-zag path to fracture
(Figure 2-15b).

However, the study regarding the effect of voids formation and spacing between voids on
ductility is quite rare. Megnusen et al. [101] showed that ductility and strength has been greatly
reduced for random array of voids when spacing between the voids was decreased in low carbon
steel (Figure 2-16). In addition, formation of larger void in the structure can reduce the ductility
[101].
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Figure 2-15 : Fracture mechanism in tensile test (a) ductile (b) brittle [59]
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carbon steel specimen. Macro photographs of specimens containing (b) random (c)

regular arrays of holes just prior to failure [101]

2.9.3 MA effect on toughness

MA has a deleterious effect on toughness, as reported by most of the studies. It can be seen
from Figure 2-17a that there is a decrease in toughness with increasing MA fraction [60]. Lan et
al. [91] observed a difference in MA fraction between weld metal and HAZ. However, the HAZ
contains a higher fraction along with larger MA regions than in the weld metal, which led to a
lower crack initiation energy for the HAZ than in the weld metal [91].

In contrast, it has also been reported that there is a lower transition temperature in
ICCGHAZ and ICHAZ for titanium microalloyed steel (B) and vanadium microalloyed steel (C)
(which would be beneficial) compared to niobium microalloyed steel (A), in terms of toughness
tests with increased MA fraction. This was attributed to a more uniform and benign MA
distribution (Figure 2-17b) [102]. It has been also reported that the amount of secondary phase and
the difference in hardness between matrix and MA have a dominant effect on toughness when
cooling rate is fast (Figure 2-18). In the slower cooling rate, increased differences in hardness
between MA and the matrix may play more dominant role on toughness as a result of matrix

softening from tempering and hardening of MA constituents due to carbon accumulation [103].
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The above contradictory results can be explained in terms of MA morphology and
formation location. Zhang et al. [104] reported that improved toughness can occur due to the
formation of blocky MA. Moeifar et al. [39] simulated supercritical CGHAZ, Intercritical HAZ
and subcritical CGHAZ in X80 linepipe steels. The ICCGHAZ exhibited the lowest impact
toughness because of a grain boundary network of MA grains. However, the supercritical and
subcritical CGHAZ are reported to have improved toughness even though MA was present in these
HAZ. They found that smaller and more finely distributed MA can improve toughness [39]. It is
interesting to find that Far et al. [105] also reported an improvement in toughness in the CGHAZ
for X80 linepipe with the same chemical composition, which was related to the formation of
stringer MA. An increase in MA diameter and length led to poor toughness in X80 steels, as
reported by Moeinifar et al. [94].

Though it is commonly accepted that MA deteriorates impact toughness of pipeline steel
[60, 94], some studies have also claimed an improvement in toughness attributed to the presence
of MA in the CGHAZ microstructure of X80 steel produced using thermal simulation [105]. This
contradictory result has been explained by pinpointing MA as a crack initiator or crack deflector.
Xiaomei et al. [106] clearly showed that MA was the source of crack initiation in X80 linepipe
materials (Figure 2-19a). Lambert et al. [75] also showed MA as a crack initiation point in impact
toughness test. Hrivnak et al. [80] reported more precisely that carbides inside the MA provide a
crack initiation point. In contrast, Baker et al. [58] has shown crack deflection and crack arrest can
occur in MA (Figure 2-19 b&c). Improved toughness was also attributed to MA formation in X70,
X80, and X120 pipeline steels, possibly due to these latter mechanisms [104, 107]. These
competing roles in fracture may explain the contradictory may results based on the fracture

mechanism during toughness tests.
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Figure 2-19 : Effect of MA in (a) crack initiation [106] and (b&c) crack deflection and arrest

[58]

2.9.4 Fracture mechanism in toughness test

Davis and King proposed four mechanisms by which MA can deteriorate the toughness (which

are summarized using schematics in Figure 2-20 [8]) as follows:

1.

MA introduce micro cracks easily as it is a brittle phase which can initiates cleavage in the
ferrite matrix during brittle fracture (Figure 2-20a).

Transformation induced residual tensile stress is produced in the surrounding ferrite can
assists cleavage fracture (Figure 2-20b).

Higher hardness of MA creates stress concentration in surrounding soft matrix. Stress
concentrations can assist cleavage (Figure 2-20c).

There could be formation of microcrack at boundary of MA and ferrite matrix. This

microcrack can initiate cleavage (Figure 2-20d).

However, Han et al. [12] reported that there is a higher transition temperature for specimens
which contain low volume fraction and finer MA, because any cracks are deviated by high
angle boundaries (Figure 2-21a). However, a specimen with a high volume fraction and
coarser MA enhanced the crack propagation path and thereby results in a lower the transition

temperature during impact toughness test (Figure 2-21b).
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Figure 2-21 : (a) Crack path in acicular ferrite microstructure showing crack propagation
bend at high angle grain boundaries (b) Reduced unit crack path in acicular ferrite

and coarser MA structure showing MA improvement effect on toughness [12]

2.9.5 MA internal structure contribution to mechanical properties

Although, it is reasonable to think that the toughness is more dependent on the
microstructure and grain size, some works have concluded that size of the MA could have effect
on toughness. However, most prior work did not investigate whether it is possible to have a
different microstructure inside MA other than martensite-austenite, since it is difficult to resolve
the sub-micron sized internal structure of MA. Although, it can be clearly observed from Figure
2-10 that various internal structures could form base on the heat treatment and this can have a
significant effect on mechanical properties. Davis and King [56] reported an observation of the
internal structure regarding MA (Figure 2-22) and related this to mechanical properties [56]. At
higher cooling rates, they identified the internal structure of MA as being entirely a combination
of martensite and austenite (Figure 2-22a). At intermediate cooling rates, the internal structure of
MA is a mixture of martensite and austenite, combined with a secondary microconstituent
(presumed to be bainite/pearlite) (Figure 2-22b). Moreover, it has been reported that the internal
structure of MA will be bainite instead of martensite-austenite if there is insufficient carbon to
stabilize the austenite [73]. At very slow cooling rates, the internal structure is pearlite, although

it was still referred to as MA (Figure 2-22c). They found that the MA phase with an internal
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structure corresponding to pearlite does not have a deleterious effect on toughness (Figure 2-22d)
[56]. Moreover, MA with martensite in middle and austenite in periphery (Figure 2-10a) is
reported to be detrimental for toughness properties. However, MA with mixture of martensite and
austenite islands has been reported to be beneficial to toughness [77].
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Figure 2-22 : Different MA internal structure with different cooling rate and its effect on
toughness properties (a) martensite dominant MA (b) MA with mixture of
martensite-bainite (¢) MA dominant in pearlite (d) MA internal structure effect on
toughness [56]
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2.10 Tempering (PWHT) effect on mechanical properties by MA
decomposition

It has been reported that properties of material can be improved by post-weld heat treatment
(PWHT) [108, 109] which is also referred as tempering cycle. Conversely, tempering
embrittlement can occur if the PWHT cycle is not chosen properly [109]. However, selection of
an optimum PWHT is vital to obtain good mechanical properties [108]. Although PWHT studies
have been performed to observe the change of MA internal structure and its effect on mechanical
properties, there is little new information about PWHT parameters (i.e. time and temperature)
[110] to decompose detrimental MA while retaining an beneficial MA [108, 109]. Liao et al. [108]
showed that a 300°C PWHT temperature with tempering time between 3.6-28.8ks can remarkably
improve the ICCGHAZ toughness. In addition to PWHT temperature, the tempering time could
have significant effect on mechanical properties, and excessive values will increase costs. Magula
et al. [111] used 550°C and 650°C with a 1hr PWHT cycle to improve the toughness of two
different grade HSLA steels. Liao et al. [109] used a PWHT temperature range of 250-620°C with
a PWHT time of 3.6-28.8ks to study the PWHT cycle effect in presence of MA. It had been
reported that toughness was always higher for a tempering temperature of 250-550°C with a
cooling time of 80s [109]. Zhuang et al. [112] examined PWHT temperatures of 450-750°C and
found increased in toughness for two different X100 grade steels.

Improvement in toughness was reported by Janovece et al. [113] in SQV-2A HSLA steels
when tempering cycle (PWHT) temperature range was between 200-300°C with a holding time of
6s. It has been reported that higher tempering temperature reduces the difference in hardness
between the MA and ferrite while toughness only improved with tempering temperatures up to
460°C. It was observed that tempering temperature more than 460°C degraded toughness due to
growth of carbides like MsC, and M2C, which act as crack initiation points during impact
toughness testing [109]. Hrivnak et al. [78] also reported carbides as the crack initiation source.
These results suggest that a higher temperature and longer tempering time does not ensure
improved properties. Magula et al. [111] studied different PWHT temperatures and times in three
different grade HSLA steels, and observed that for a certain tempering cycle (300°C, 10 min) there
was a significant amount of MA which decomposed. Ikeuchi et al. [110] also concluded that 300°C

was the optimum temperature for decomposition of MA in SQV-2A steel. That does suggest that
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tempering cycle can change the internal microstructure of MA and it is possible to attain improved

properties.
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Chapter 3 : Characterization Methodologies

This chapter presents the brief description of the materials preparation for microstructure
sample extraction and preparation, mechanical testing, and different methodologies which was
used to characterize the materials. However, individual chapter will contain particular

methodologies that was used to prepare the relevant specimen and characterize the materials.

3.1 Welding procedure and equipment

The weld was produced using robotic multipass GMAW for current thesis. The welds were
produced using constant voltage program. A combination of Ar-15% CO; shielding gas was used
to shield the weld pool. A data acquisition system (DAQ) was incorporated with robotic welder to
collect the instantaneous current signal. The voltage and current output from DAQ was used to
calculate heat input in each pass. Four passes of welding were performed to join the material. An
interpass temperature of 100°C was applied prior to each pass to control the cooling rate and
remove the moisture from the samples. In the current work, an AP1 X80 linepipe material with a
15 mm wall thickness was joined by robotic welding of a V grooved joint with a 40° included
angle using single GMAW torch.

3.2 Gleeble thermo mechanical simulator

The various microstructures with different mechanical properties can be resulted in the HAZ
of real weld. The deformation behavior of weld HAZ in stress strain curve usually depends on
wide range of microstructure over larger area of weld. However, the observed properties during
tensile and fracture toughness tests are controlled by localized microstructures in the HAZ.
Fracture can occur in Coarser Grain Heat Affected Zone (CGHAZ), Fine Grain Heat Affected zone
(FGHAZ), Intercritical Heat Affected Zone (ICHAZ) depending on the properties of each zone.

Heat treatments can be carried out using the Gleeble thermo-mechanical simulator allowing
design of complex thermal cycles to create localized microstructures in bulk HAZ microstructure
and hence help to study particular microstructure (CGHAZ, FGHAZ, ICHAZ) properties. To study
localized microstructure properties in current study, the localized HAZ microstructures which

produced during GMAW welding was simulated using Gleeble 3500 (Figure 3-1) and properties
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of these microstructure were studied. K-type thermocouples were spot welded to the sample where
temperature and cooling rate was monitored and controlled. Thermocouples were attached in
different locations along the length of the sample to identify the area of uniform temperature and
cooling rate. The programmed thermal cycle was used as the set point to control the heating based
on the temperature and cooling rate feedback from the thermocouple. A C-gauge clamp was used
to monitor the thermal expansion during heating and cooling at midpoint of the sample. In the
current study, a preheat of 100°C is maintained before applying the actual thermal cycle. However,
it should be noted that significant residual stress can be developed in the HAZ during welding
which can play a role in microstructure development. The residual stress contribution is difficult

to determine via Gleeble simulation, and hence it was not considered.

Figure 3-1 : Overall view of Gleeble thermomechanical simulator

3.3 Digital image correlation (DIC)

Tensile specimen produced from weld structure contains base metal, weld metal and HAZ.
Each of these zones has different properties. In addition, the HAZ itself can contain different zone
as shown in Figure 2-4. Measuring strain using conventional mechanical extensometer does not
allow measurement of localized microstructure strain of the weld. However, non-contact Digital
image correlation (DIC) measurement facilitates to monitor local deformation properties and

thereby provide more information about straining, fracture and deformation.
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DIC is an optical technique of non-contact strain and displacement measurement. It involves
comparing digital photographs of a test piece at different stages of deformation by tracking block
of pixels. DIC is simple to use and more accurate than manual strain gauge measurement methods.
It allows local strain observation and measurement than the global strain measurement. It requires
painting on surface to produce contrast on the surface which is monitored during deformation.
Two cameras monitor the speckle on surface during deformation with the help of lighting that is
projected on the surface. The captured images are fed into software for analysis of strain. In the
current study, digital image correlation (DIC) based strain monitoring was utilized to measure the
localized and global strains. Image processing settings were applied within VIC-3D software using
a step size of 29 and sub-size 7 to extract strain data using VIC-3D software. The step size controls
the number of points analyzed during correlation while the sub-size controls the area of image.
Those areas are used to track displacement between images. Stress values from tensile machine

and strain values from DIC were synchronized to develop stress-strain curve.

3.4 Auger electrom spectroscopy (AES)

Auger Electron Spectroscopy (AES) facilitate quantitative elemental analysis from a solid
materials surface. Finely focused electron beam is used to excite a sample surface which force to
emits auger electrons. The elemental identity and quantity of a detected element is determined by
analyzing the kinetic energy and intensity of auger peak. AES analysis technique is suitable for
compositional analysis of thin layers which allow analysis depth of less than 5 nm. However,
Energy Dispersive Spectroscopy (EDS) allow typical depth analysis of 1-3 um. In current study,
AES was used to map the carbon distribution of different microconstituents of the samples using
a JEOL 9500F system. Characterization involved a Zeiss LEO Scanning Electron Microscope
(SEM) to investigate internal structure of MA. A JEOL 9500F was used to map carbon distribution
inside the MA using AES.
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3.5 Sample preparation for microscopic examination

Sample preparation for macro and micro observation

Metallographic samples were prepared using standard polishing techniques with final
polishing using 1 micron diamond particles. Nital solution (2%) was used for a 10 to 15 second
etching time to reveal the microstructure, the time varying in order for the reheated zone to appear
clearly in the stereoscope. Lepera’s reagent (equal parts of 25 ml distilled water + 25ml Picric acid
with 0.25g Na»S20s) was used to reveal the MA in the microstructure. The MA appeared white in
colour when the surface appears uniform gold using Lepera etchant. When using LePera etchant,
the sample surface turns to a uniform gold colour and MA appears white [114, 115]. To ensure
successful etching by the LePera solution, it was found that the best results were obtained by first
etching with a 2% nital solution and subsequently removing the excess etching byproduct using
light diamond polishing pad with 1 pm diamond media before using Lepera. The LePera etchant
does not work if some nital etching byproduct remains on the surface. Villela etchant (95 mL
ethanol + 5 mL HCI + 1 mL picric acid) for 5-7 second was used to characterized martensite and

austenite inside MA microconstituents.
Optical Microscope and Scanning Electron Microscope (SEM)

An Olympus BX51 microscope was used to observe the microstructure. A Zeiss LEO 1530
Scanning Electron Microscope (SEM) was used to investigate the MA structure at higher
magnification. A 7 kV voltage and 9-11 mm working distance was used for imaging. A 20 kV
voltage was used for EDS analysis. MA quantification was performed in optical microscope and
SEM images using image-processing software Photoshop 6 and the average MA fraction was

reported based on quantification from three images.
Electron Backscatter Diffraction (EBSD)

EBSD technique facilitates to observe the misorientation difference in MA and ferrite. A JEOL
JSM-7000F SEM with HKL EBSD (Electron backscatter diffraction) software was used to map
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KAM (Kernel Average Misorientation). Markers were used to clearly identify the reheated zone
at the macro scale, and images were taken solely from that zone.

EBSD analysis was performed using a Zeiss Sigma FESEM, equipped with an Oxford
AZtecSynergy system for collecting electron backscattered diffraction patterns, and was operated
at 20 kV accelerating voltage and a step size of 3 um. Prior to mapping, samples surfaces were
milled using Ar ion milling for approximately 1 minute to improve Kikuchi pattern indexing
quality. Post processing of the EBSD data was conducted by using AZtecHKL, with a mean
angular deviation acceptance criteria of 0.6, and step sizes from 0.23 to 0.29 um.

TEM sample preparation

TEM analysis was also performed to characterize the microstructure using JEOL 2010F at 200
kV. Martensite-Austenite internal structure was analyzed using TEM to identify the relative
position of martensite, austenite and any presence of carbide. Moreover, dislocation density
difference was also observed which solely qualitative observation. In-situ heating and cooling was
performed inside TEM to study tempering effect. Each chapter will contain a description of the

sample preparation procedure.

X-ray diffraction

The XRD was conducted using a Bruker D8, operated at a 2 deg / scan rate. X-ray diffraction
was used to confirm the presence of martensite and austenite. A Cu-Kappna radiation source was
used to determine the peak of ferrite and austenite. The relative intensity peak was used to calculate
the percentage of austenite in the structure.

Vickers Hardness and Nano indentation

The Vickers hardness was measured using a load of 300 g and 15 s dwell time. A cross-check
was performed in stereoscope and microscope to ensure that the indentations were made in the
reheated zone. The Vickers hardness was measured using a load of 300 g and 15 second dwell

time. Nanoindentation was performed using a Hysitron Tribolndenter with a Berkovich indenter,
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a 2000 uN load, where the indentation location and phase in contact was ensured by observation
in SEM.

Tensile Test

The tensile samples were prepared according to ASTM sub-size standard (ASTM E8/E8M-
09). Both a mechanical extensometer and DIC were used during tensile tests to monitor strain
behavior. DIC facilitated measurement of strain distribution and gradients, with a gauge length of
32 mm used for the measurement, with a subset size 29 and step size 7 being applied. Load from
the tensile frame load cell was used to calculate stress and strain from the DIC were combined and
the stress-strain curve was plotted. The yield strength was calculated using the 0.2% offset method.

Tensile tests were performed using a Tinius Olsen HK10T servo-mechanical tensile frame with
maximum load capacity of 10 kN. The specimens were loaded at a 1 mm/min strain rate. The
chemical composition of X80 linepipe material was analyzed by inductively coupled plasma
emission, as reported in Table 1. The last parameter listed in the Table, Ceq, is the carbon

equivalent calculated based on the following equation 3-1 [116]:

Table 3-1: Chemical composition of the X80 line pipe steel

Elements C Mn Si Cr Ni Cu Mo Al Ti Nb N 0] Ceq

Wt.% 0.051 (1.73| 0.18 | 0.03 | 0.13 | 0.12 | 0.21 | 0.03 | 0.01 | 0.04 | 0.0004 | 0.0011 | 0.405

Ceq =Ct oo+ e T 2o 20 o EQUALION 311
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Chapter 4 : Study of MA Effect on Yield Strength and
Ductility of X80 Linepipe Steels Weld!

4.1 Overview and background

Differences in MA fraction, size and morphology can lead to a significant variation in tensile
strength and ductility. However, few studies have considered the effect of MA on quasi-static
strength and ductility [59, 98, 99]. This is of particular interest for strain based pipeline design
applications, and particularly during pipeline construction where there is a potential for strain
localization in the weld HAZ when the welded pipe is lowered below the ground during
construction.

Several researchers studied the effect of MA on tensile behaviour. Lanzillotto et al. reported
an increase in all strength parameters contributed by the presence of MA in dual phase steel [100].
An increase in tensile strength attributed to MA has been reported by other researchers [97, 117].
Han et al. reported that there could be an increase in ultimate tensile strength, with low transition
temperatures with higher MA area fraction [12]. In contrast, Lambert et al. have used acoustic
emission technique to show that MA is a crack initiation point during tensile tests [38, 98].
Moreover, Davis and King also pinpointed MA as the crack initiation point in HSLA steel [8].

Although there are a few investigations reported about the effect of MA on tensile strength and
fracture mechanisms, the study of its effect on ductility is not common. Coldren et al. reported that
although there is an increase in strength, often there is a deterioration of ductility even with a 1%
increase in the fraction of MA [118]. Hrivnak et al. reported that MA could increase the strength;
however, MA could decrease its ductility by facilitating dimple fracture initiation, and they
concluded that MA impairs ductility [80].

Considering these various claims and the gap in conclusive opinions, the current chapter is
focused on bridging the gaps regarding MA study and its effect on tensile strength and ductility.
Moreover, fracture mechanism was correlated to ductility. The present study on X80 linepipe
material examines two different weld metals which experienced slightly different cooling rate

1 This chapter is published Manuscript in Metallurgical and Materials Transactions A on June 20, 2017, available
online: DOI: 10.1007/s11661-017-4171-1, Nazmul Huda, Robert Lazor, and Adrian P. Gerlich, Study of MA Effect
on Yield Strength and Ductility of X80 Linepipe Steels Weld.
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resulting in a different MA size, fraction and distribution in the doubly-reheated HAZ. Tensile
tests were carried out on the samples that are produced from the reheated zone of both welds.
Performing tensile tests in this kind of samples will help to determine the role of MA size, fraction
and distribution effect on mechanical properties. In addition to the effect on tensile strength, the

fracture mechanisms are also investigated for both welds.

4.2 Materials and experimental procedure

Two different metal wires with slightly different chemical compositions were used to join the
X80 linepipe material, where sections pieces of pipe were extracted for weld tests. The base metal
chemical composition is given in Table 3-1. Weld A was produced with a 0.984 mm diameter wire
and weld B with 0.909 mm diameter wire. The chemical composition of wires (A and B) were
analyzed using inductively coupled plasma emission method, (see in Table 4-1). Welding current
17810 185 A, with a voltage of 20 to 22 V, wire feed speeds between 8.4 to 10.9 m/min and travel
speeds from 0.3 to 1.2 m/min for the various passes. The heat input for root and hot pass was
maintained 0.18-0.29 kJ/mm while for fill and cap pass the heat input was maintained between
0.51-0.78 kJ/mm.

Markers were used to clearly identify the reheated zone at the macro scale, and images were
taken solely from reheated zone. A cross-check was performed in stereoscope and microscope to
ensure that images were taken and hardness indentations were performed in from the reheated
zone. The tensile samples were prepared according to ASTM sub-size standard (ASTM E8/E8M-
09). The welding design with tensile samples were produced from direction orientation as shown

in Figure 4-1
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Figure 4-1 Welding design and tensile specimen

Both a mechanical extensometer and DIC were used during tensile tests to monitor strain
behavior. DIC facilitated measurement of strain distribution and gradients, with a gauge length of
32 mm used for the measurement. Force data from the tensile frame load cell was used to calculate
stress and strain from the DIC were combined and the stress-strain curve was plotted. The yield
strength was calculated using the 0.2% offset method.

A 10 x 10 mm sample was cut from welded sample including the fusion line. The sample was
grinded to 0.15 mm using 800 grit paper. Punching of a 3 mm disc was performed from the fusion
line to a distance around ICRHAZ, with twin jet electropolising used to thin the foil. lon milling
was performed to reduce the thickness to 100 nm.

Table 4-1: Chemical composition of wires

Elements C Mn Si Ni Cu Mo Ti Nb N Ceq
Wire A 0.08 1.26 0.48 0.80 0.12 | 0.30 0.031 | 0.012 | 0.005 | 0.41
Wire B 0.06 1.28 0.40 0.03 0.16 | 0.34 0.002 | 0.011 | 0.004 | 0.35

4.3 Macrostructure and Microstructure

The base metal microstructure contains ferrite and bainite, as shown in Figure 4-2, the
volume fraction being measured to be 83% ferrite and 17% is bainite. The macrograph for each of
the welds is shown in Figure 4-3. It can be seen that weld B contains traces of micro-porosity

(although within acceptable levels based on qualification standards), whereas weld A is free of
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porosity. Both weld metals consisted of an acicular ferrite microstructure, with weld A having a
finer microstructure than weld B. The hardness of weld metal A for single and multipass welding
was higher than that of weld metal B [119]. It is believed that the higher hardness of weld metal A
is associated with the higher alloying composition of wire A. Regardless, the current work is
focused on the reheated HAZ rather than the weld metal. It can be noticed that the etching is
performed in such a way that the reheated HAZ can be clearly identified (Figure 4-3). The
microstructure from the reheated zone for both welds is shown in Figure 4-4. While the
microstructure of both reheated zones is mostly ferrite, at higher magnification the reheated zone
of weld A contains more black colored zones (indicated by arrow) than the weld B reheated zone
(Figure 4-4a&b).

Figure 4-2 : Base metal microstructure, consisting of 83% ferrite and 17% bainite (2% Nital)
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Figure 4-3 : Macrograph of a) weld A and b) weld B produced by wire A and wire B
respectively (2% Nital etchant)

Figure 4-4 : Microstructure in the reheated zone (2%-Nital etchant) for (a) weld A and (b)
weld B
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4.4 Hardness in reheated zone

The base metal average hardness is 230 +10 HV. Multiple hardness line profiles are produced
in the reheated zone for both welds at an equal spacing of 150 um between the indents for each
line. The comparison of average hardness profile along those lines for both welds is shown in
Figure 4-5 along with an image of the HAZ location with the indents. Further away from the fusion
line the hardness decreases for both of the welds. However, the hardness for the weld A reheated

zone is consistently higher than that of weld B.
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Figure 4-5 : Average (three lines) hardness comparison in reheated zone between weld A and
weld B, where “0” distance represent the fusion line
The microstructure adjacent to hardness indent between 0.4-0.6 mm for both welds shows

a similar ferrite grain size but only differing in the fraction of black phases which are indicated by
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arrows in Figure 4-4a&b. LePera etchant is used in both of the welds keeping the above hardness
indents in the reheated zone to ensure a similar location comparison (Figure 4-6). LePera etchant
showed that there are numerous white particles around those indents whose size vary between 0.2
to 4.0 um. The MA particles of the weld A reheated zone are coarser than for weld B (Figure 4-6).
Three images (120 um x 120 pm) were used to average the volume fraction of MA. Image analysis
quantification revealed that the reheated structure in weld A contains 5% MA while that of weld
B contains 3% MA. This indicates that a higher fraction of MA leads to higher hardness in the
reheated zone of weld A, which agrees with an increase in hardness stemming from MA as reported
elsewhere [56]. Akselen et al. reported critical MA fraction (minimum 6%) [120] had an influence
on mechanical properties while Li et al. define the effect of MA based on critical diameter (~2 um)
[73].
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Figure 4-6 : Microstructure observed following application of LePera etchant for weld A and
weld B (a) weld A reheated zone (b) weld B reheated zone
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4.5 SEM investigation of MA

SEM observation in the reheated zone microconstituents indicated presence of two
different structures of MA. One of the MA microconstituents shows uniform solid structure inside
which is presumed as untempered MA (Figure 4-7a). Villela etchant on this untempered MA shows
contrast inside the MA microconstituents (Figure 4-7b). The black smooth regions inside the
microconstituents are presumed as austenite while the other regions are martensite. Lambert et al.
was successful in distinguishing martensite and austenite inside MA using Villela etchant [75].
The other MA structure (see Figure 4-7c) might contain some carbides inside the grain, which
would correspond to tempered martensite. It had been reported that tempered martensite can occur
in the reheated zone when multipass welding is performed [78], related to the existence of MA in

the single thermal cycle HAZ.

(a)
untempered
Fof

)

|
/
. |
-

#ﬁi // g
™ Jempered .
- MA

Figure 4-7 : SEM observation of MA in the reheated zone of weld A and weld B (a)
untempered MA (2% Nital etchant) (b) untempered MA appearance after
performing Villela etchant (c) tempered MA (2% Nital etchant)
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LePera etchant on the single thermal cycle sample showed the existence of MA particles
in the CGHAZ, which was also reported in other work [75]. Formation of MA during the first
thermal cycle had also been reported [60], and during a single thermal cycle with different finish
rolling temperature as well [55]. It was found that the formation of MA may occur during the
austenite to bainite transformation. The mechanism by which MA form was explained as involving
carbon rejection from the bainite to the austenite during transformation, thereby enriching austenite
in carbon and stabilizing it to lower temperatures. Subsequently, carbon enriched austenite
transforms into MA due to fast cooling in the first thermal cycle. The percentage of MA can vary
from 0 to 4% depending on bainite transformation temperature [55]. Super saturated ferrite theory
and carbide precipitation mechanisms can also explain the formation of MA [121], however,
carbon diffusion and carbide precipitation theory are more commonly suggested [121]. This
mechanism might lead to the formation of MA in the CGHAZ of weld A and weld B. Moreover,
there could be formation of MA in the ICHAZ during single thermal cycle because of intercritical
heating. Subsequently, the MA in the CGHAZ and ICHAZ may get tempered when another pass
of welding is performed. The presence of tempered MA in ICRCGHAZ had been reported by
Hrivnak et al. [78]. However, it is suggested that the white particles in the reheated zone in Figure
4-6 essentially represent untempered MA rather than tempered MA, since the tempered MA does

appear white in colour using LePera etchant.

4.6 EBSD of reheated zone

The band contrast which represents the average intensity of Kikuchi bands with respect to
overall intensity within the EBSP (Electron backscattering pattern) was determined for reheated
zone. EBSD results show very high EBSD band contrast between the MA and ferrite for both weld
A and weld B (Figure 4-8a&d) reheated zone. The EBSD software was unable to index the interior
of the MA regions (appearing as a black phase), likely because of the fine structure with high
misorientations and lattice strains of the martensite. The KAM (Kernel Average Misorientation)
profile in reheated zone showed that there is considerable misorientation (based on 15° criteria for
high angle misorientation observation) in the structure (Figure 4-8b&e). The 15-degree was used
since 2-degree map did not show difference of misorientation difference between MA and ferrite,

and 15 degrees is the widely accepted limit for most alloys as the maximum misorientation that a
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boundary can still be easily represented as an array of dislocations. High band contrast between
MA and the ferrite matrix was also reported by Li et al. [73].

. partially.misoriented MA

non misoriented MA

Fully misoriented MA

Figure 4-8 : EBSD band contrast maps for ferrite and MA (a) weld A reheated zone and (d)
weld B reheated zone; EBSD KAM misorientation (15°) maps inside MA and
surrounding matrix (b) Weld A and (e) weld B; Euler orientation maps for (c ) weld
A and (f) Weld B

It is notable that not all of the MA exhibits misorientations with more than 15° (Figure
4-8b&e). It can be also observed that some MA grains contain (mostly in boundaries) entirely with
more than 15° misorientation (white arrow), while for some MA regions, where fraction of an MA
area have misorientation greater than >15° mixed with fraction MA area have less than
misorientations 15° (red arrow). In addition to the observation that some MA does not have any
15° misorientation regions, there is also a lower band contrast with ferrite in most of the cases
(yellow arrow). The difference in misorientation distribution inside the MA might relate to a

difference in martensite versus austenite fraction. MA with a martensite dominant structure
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contains primarily more than 15° misorientation boundaries. Mixed misorientation might relate to
combination of martensite and austenite as in Figure 4-7b, where austenite is presumed to have
lower misorientation boundaries than martensite. Likewise, the tempered MA (Figure 4-7c) does
not have misorientation more than 15° inside it. It is found that the percentage of untempered,
mixed MA and tempered MA grain are 11%, 58% and 31% respectively for weld A reheated zone
(Figure 4-8b), while for weld B the percentages are 15%, 45% and 40% respectively. From the
Euler map, it can be seen that there are regions which appear black area because of the high angle
misorientations (Figure 4-8c&f). However, it is noticeable that not all MA regions are necessarily
plotted in black in the Euler map (which illustrate crystal orientations across the area), with some
boundaries appearing black. These dark areas within the MA indicate high angle misorientations,
as also reported by Han et al. for X80 steels [12]. In addition, it was reported that there are high
dislocation densities inside MA [41, 122].

Moreover, when the MA constituents are closer together, the adjacent misorientations in
the ferrite are locally increased. The 2° KAM misorientation mapping indicates that numerous
ferrite grains go under significant misorientation when the MA regions are closely spaced (0.5-1
pm). Okada et al. showed that high strain fields are found in the ferrite around MA, and showed
using finite element analysis that this could lead to crack initiation or debonding [123]. Stresses
induced in the ferrite because of the close spacing of MA were found to be important for the crack
initiation and debonding mechanisms [8]. The spacing of MA was also important for void
formation which can promote fracture, as reported by Kim et al. [59]. Davis and King also
proposed that the mechanism of debonding occurs when two MA regions of MA are close to each
other [56].

4.7 TEM analysis of MA

A sample carefully prepared from the reheated zone of weld A allowed investigation of the
internal structure of MA. The bright field image from one of the small MA grains is shown Figure
4-9a. Electron diffraction patterns from the MA grain suggest the presence of a BCT structure
(martensite) with (020), (110), (220) reflections and FCC structure with (111) and 111

reflections (Figure 4-9b). Existence of martensite and austenite has been also observed in another
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area of MA (Figure 4-9c). Both blocky (0.5-2 pum in length, 0.5-1.00 um width) and slender MA
(1-5 pm length, 0.3 um width) is observed in TEM (Figure 4-9d).

Figure 4-9 : TEM of MA a) bright field image b) diffraction pattern form MA (SAD 1) c)
martensite and austenite inside MA of weld A (SAD 2) d) blocky and slender MA

4.8 Nanoindentation

The load-displacement curve from nanoindentation is shown in Figure 4-10. It is found that
the untempered MA hardness is 6.10 GPa, whereas, the ferrite hardness is 2.86 GPa, indicating
that the hardness of MA is almost twice the hardness of the ferrite matrix. The hardness value of
MA is significantly higher than the hardness value of MA (~510 MPa) reported by Xu et al. using
nanoindentation [124]. The high hardness of MA in comparison to matrix had been also reported

by Janovec et al. [113], which can create a significant internal stress in the ferrite matrix.
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In addition, when two MA constituents are close to each other, the overlapping stress on the
ferrite matrix can cause debonding of MA and void formation at the MA/ferrite interface. Li et al.
and King et al. concluded that the higher hardness of MA [124] induces stress on the softer ferrite
matrix which was due to volume expansion during austenite to martensitic transformation [8, 58].
This difference in hardness can lead to debonding or void formation during the application of

strains under load.
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Figure 4-10 : Comparison of hardness between MA and ferrite matrix using nanoindentation

4.9 Tensile test comparison

Tensile response is evaluated for base metal and welded samples. Strain is measured by using
both a mechanical extensometer and DIC. The tensile sample for welded is produced from the
reheated zone in such a way that the reheated zone remained approximately in the middle part of
the tensile specimens. Moreover, the total area of weld metal within the tensile specimens gauge
length is kept similar for both welds. The tensile specimens HAZ width for weld A varied from
1.36 to 2.35 mm, while for weld B, it varied from 1.36 to 1.74 mm. It had been reported that the
higher diameter wire of weld A will increase the weld bead width in comparison to smaller wire

diameter if the chemical composition is kept constant (wire A had 0.075 mm greater diameter than
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wire B) [125]. This suggests that the larger diameter of wire A will promote more heat to flow in
the transverse direction of the plate which causes a higher HAZ width in weld A. Moreover, it is
suggested that the higher weld metal deposition in cap pass of weld A than weld B might subject
the CGHAZ of weld A to higher temperature than Acl which might lead to more MA formation
in the reheated zone of weld A than weld B. A higher area fraction of MA with higher heat input

and higher second thermal cycle peak temperature were reported [126].

4.9.1 Tensile test using mechanical extensometer

The average base metal yield and tensile strength in hoop direction is 662 23 MPa and
770 +4 MPa with elongation of 21%. The average yield and tensile strength for weld A is 575 £10
MPa and 664 £24 MPa respectively, while it is 507 +66 MPa, 592 +60 MPa for weld B. The overall
elongation across the gauge length of the transverse weld sample is 10.2% for weld A while it is
19.2% for weld B based on the mechanical extensometer. However, these values do not reflect the

local strain accumulation that occurs near the fracture locations

4.9.2 Tensile test using DIC

The DIC virtual extensometer tools indicate an elongation along the gauge length of 10.7%
for weld A while for weld B it is 13.0%. However, the most important feature observed via DIC
is that it provides local strain field measurements. It is observed that during the tensile tests, the
CGHAZ near the cap pass started to yield first for both welds. Then the strain gradually transmitted
to the HAZ of fill passes. Due to the high heat input in the cap pass, the HAZ near cap pass will
soften more readily than the HAZ of the reheated zone due to the presence of more upper
transformation products. However, strain accumulation is not significant in base metal and weld
metal in comparison to HAZ. The local strain measurement in the base and weld metal indicated
that there is maximum 2% accumulation of strain in the weld metals and a maximum 2% strain
accumulation in base metal during tensile tests. In tensile tests, the force applied is initially
distributed uniformly across the whole gauge length. However, as testing continues, the
accumulation of strain occurs in the HAZ on both sides of the weld. Finally, stress is localized in
one HAZ, at which point failure occurred. Therefore, it is more appropriate to correlate the stress
of tensile machine with strain in the failed HAZ points. It is to be noted that DIC virtual
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extensometer strain measurement is different from local strain measurement due to the non-
uniform properties and elongations across the gauge length. So, the strain from five points along
the fractured HAZ is calculated and plotted against stress, shown in Figure 4-11. It can be noted
that there is a difference in yield strength, tensile strength and elongation between the two welds.
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Figure 4-11 : Stress-Strain curve comparison between weld A and weld B using DIC

(averaging strains at 5 points along fracture location).

The strain distribution along a line (line AB-connected dot, in this case as shown in Figure
4-12) of HAZ in the fracture zone for the two welds is shown in Figure 4-12; where index along
X-axis represents number of points (in this case 10 points) in line AB for which strain was
monitored. It can be seen that the total strain at those points of weld B is higher than weld A. This
might mean that throughout the tensile tests weld B was undergoing more deformation than weld
A with the same loading condition. That suggests a higher fraction of MA in weld A HAZ can
provide higher strength. However, a lower fraction of MA in weld B HAZ might gave less
strengthening to its HAZ, which can result in low tensile and yield strength, but provides higher
elongation. Increasing strength with the presence of MA has been reported by several researchers
from a standpoint of composite reinforcement in terms of the rule of mixtures [12, 97, 117]. Hence,
it might be concluded that the higher fraction of MA in the weld A HAZ might provide higher
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tensile strength, at the expense of lower elongation, which agrees with the suggestion by Hrivnak

et al. who reported that MA could impair ductility [80].
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Figure 4-12 : Comparison of strain distribution across HAZ fracture location for a) weld A
and b) weld B

To investigate the deformation of the reheated zones, one of the tensile test samples for
both welds were stopped intentionally just before failure. It can be clearly seen that the weld B
reheated HAZ underwent significant deformation while deformation in weld A reheated zone is
not significant as observed using a stereoscope (Figure 4-13a&b). The microscopy from the
reheated zone of tensile fractured specimen for both of the weld samples is shown in Figure
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4-13a&b. SEM observation from the reheated zone of weld B suggests that exhibits more strain
than the reheated zone of weld A (Figure 4-13c&d). Since the grains in this region are initially
equiaxed before deformation, to determine the differences in localized strain in the reheated zone
for both welds, the values were calculated based on the ratio of horizontal to vertical linear
intercept lengths of the grains, Luw/Lv. Ln is the measurement of grain length along straining
direction whereas L is the grain size measurement in the transverse direction of straining direction.
At least three images were used to determine Ln/Ly, and the calculated average is reported. The
average value of Ln/Ly ratio for weld A reheated is 1.22, in comparison to weld B which is 1.54.
This results also showed that weld B reheated HAZ underwent more deformation than weld A
HAZ. It can also be observed that MA takes on the directionality along the tensile test axis in weld
B HAZ (Figure 4-13b).

Figure 4-13 : Optical and SEM micrographs (2% Nital etchant) showing evidence of strain

accumulation in reheated zone of weld A (a&c) and weld B (b&d)

Hardness is measured near the fractured zone for both welds. It is seen that the hardness of
weld B near the fracture is higher than in weld A. The average hardness for weld A is 265.8 +5
HV while it is 280.2 +5 HV for weld B. The greater hardness near the fracture might suggest that
weld B HAZ experienced more deformation during tensile test. This might suggest that the degree
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of strain hardening in the weld B reheated zone is more significant than in weld A. Hardness is
also measured across reheated HAZ zone on both sides of the welds. The result is shown in Figure
4-14. The comparison of Figure 4-5 hardness and Figure 4-14, indicates that the hardness is higher
in Figure 4-14 for both welds. This indicates that straining of both welds leads to a hardness
increase in the HAZ after tensile testing. One can also see that the hardness in the fractured side
of weld A is higher than the unfractured side. From the DIC measurements, it is observed that
stress accumulation occurs in both sides of weld with the start of tensile test. However, after certain
strain, the stress started to concentrate in particular HAZ and failure occurred in that HAZ. This
implies that the HAZ near the fractured surface underwent more strain than the HAZ on the other
side of the weld. Higher strain leads to higher hardness near the fractured surface than the other

side of HAZ. A similar phenomenon has been observed for weld B HAZ (Figure 4-14b).
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Figure 4-14 : Hardness comparison of reheated zone in both side of weld a) weld A b) weld

B (arrow mark in the graph represents the fractured location)
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Figure 4-14a&b revealed that the hardness of reheated zone in both side of the weld B is
higher than in weld A reheated zone. However, from Figure 4-5 it can be seen that the hardness of
reheated zone of weld B is lower than weld A before tensile test; this does suggest that the hardness
of the reheated zone of weld B after tensile test increased more significantly than weld A. All these
results suggest that weld B reheated HAZ has undergone more deformation during tensile test than
the reheated HAZ of weld B. LePera etchant showed numerous white particles close to the fracture
of weld A, however there are few MA close to the weld B fracture.

A higher fraction of MA provides better strength but prevent deformation in the HAZ.
Increases in the tensile strength with increase of MA fraction is reported by Han et al. [12]. Coldren
et al. reported an increase of 6.86 to 11.77 MPa in tensile strength with increase of 1% MA fraction
[127]. It has been reported that grain boundaries or MA are more influential than the grain size for
increasing strength [128]. Increased MA fraction can generate mobile dislocation between the
interface of MA/ferrite interface which can essentially increase the tensile strength [128]. In
addition, Tian et al. reported that MA will prevent dislocation movement and thereby increase
tensile strength, and concluded that MA provides dispersion strengthening [107].

The microstructure of the fractured samples reheated zone close to the fracture exhibit that
all the regions of weld A contained a higher fraction of MA than weld B. The quantification
comparison for both welds is shown in Figure 4-15. It can be observed that weld A contains a
higher fraction of MA in comparison to weld B. Moreover, a higher fraction of MA is associated
with larger MA (Figure 4-15). However, the MA size in weld A reheated zone is higher than in
the weld B reheated zone. The existence of larger MA was associated with a high volume fraction
of MA, as reported by Li et al. when studying high niobium (0.031%) steel [129].
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Figure 4-15 : Relationship between MA fraction and size for weld A and weld B

The high volume fraction of MA in the HAZ of weld A might also mean that this reheated
zone might have experienced higher intercritical peak temperature which caused more CGHAZ
area to be reaustenitized, and the subsequent cooling caused a high volume fraction of MA. A
higher volume fraction of MA with higher intercritical peak temperature has also been reported by
other researchers [75]. Moreover, the higher peak temperature can lead to larger prior austenite
grain size and it had been reported that the higher the prior austenite grain size, the size of MA is

coarser [73].

4.10 Fractography of tensile specimens

To investigate the failure mechanism, SEM observations are performed close to the fractured
tensile surface, in reheated zone for both of the welds. Numerous large voids are found close to
the fracture surface in the HAZ of weld B (Figure 4-16a) which are quite large, and it is not possible
to identify the source of voids from Figure 4-16a. A slender morphology MA is also observed to

be fragmented due to significant straining which was also reported by Chen et al. [99]. SEM
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observation away from the fracture surface showed that the source of those voids is between the
intersections of two MA (Figure 4-16b&c).
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Figure 4-16 : a) Voids near fractured tensile specimen of weld B (b) voids away from
fractured surface (2% Nital) (c) voids at the interface of two MA (2% Nital)

72



More extensive void formation is observed close to the weld A fractured surface, since the
percentage of MA is high and they are closely spaced (Figure 4-17a). Residual overlapping stress
on the matrix due to the high hardness of closely spaced MA might lead to the formation of
observed holes or pits. Moreover, some slender MA is found debonded and fragmented but within
the matrix (Figure 4-17b). Kim et al. also reported the fragmentation of slender MA due to high
deformation surrounding the matrix [59].

Some of the MA is found completely debonded from structure (Figure 4-17c). In some
case, part of some MA is found missing and created pits opposite to the MA microconstituent,
while the other half is found retaining the grain in its position in the matrix. Now, it can be seen
that the debonded MA is fragmented (Figure 4-17b). Therefore, it suggests that during tensile test,
hard MA becomes fragmented and a partial or entire MA microconstituent is pulled out from the
matrix.

The observation of base metal fracture surface is found to be significantly different from
the samples that fractured in HAZ (Figure 4-17d&e). A significant amount of large voids are found
in the HAZ fractured sample. The depth and width of voids is higher than the dimples of the base
metal fractured surface. Hrivnak et al. also reported that they found particles inside the tensile
fractured surface dimples which was presumably MA or part of MA [80].

It is found that there are no particles in the base metal fractured surface dimples while most
of the voids in HAZ fractured sample contain particles inside it (Figure 4-17f). The particles inside
large dimples are believed to be MA or fragment of MA, which suggests that MA is acting as
sources for void formation, which could lead to premature fracture and impair ductility. This
finding supports the mechanism proposed by Kim and Chen et al. who observed fragmentation of

MA and void formation during tensile testing [59, 99].
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Figure 4-17 : Void formation in weld A (a) voids in closely spaced MA (2% Nital) (b)
debonding and fragmentation of slender MA (2% Nital) (c) formation of voids from
debonded MA (2% Nital) (d) base metal fracture surface (¢) HAZ fracture surface

with significant amount of voids (f) particles inside voids

4.11 Voids and debonding initiation stage

It is found that the weld A contain more voids and debonding close to fractured surface
than weld B. It is worthwhile investigating void initiation and coalescence stage. To do this, quasi-
static tensile tests are performed where the tensile test is stopped just after yield strength and
ultimate tensile strength (UTS) for weld A (Figure 4-18a). Initially, the strain localization was
determined by observing the video. Five points were chosen across the localization zone and
average peak strain was determined. The average peak strain was plotted again stress. It can be
seen that there is 5% strain at the yield point while at the ultimate tensile stress the strain is 15%.
Investigation in the reheated zone of yield and UTS stopped sample shows numerous voids in
MA/ferrite interface and debonding of MA. It is found that debonding is even observed at quasi-
static yield point sample (Figure 4-18b). According to Chen et al. [99] and Kim et al. [59], crack
initiation or void formation inside MA or the MA/matrix interface occurred at lower strain while

an increase of strain causes these voids to grow until at higher strains and the voids coalescence
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cause failure. This does suggest that it is probable that crack initiation and coalescence would

occur at different stages of the tensile test.

It can be observed that there is higher strain accumulation in the end period of the tensile
test (Figure 4-12a&b) as the strain increases at the end of tensile test. However, due to large
numbers of voids growing in weld A associated with a higher percentage MA, this led to early
fracture by coalescence of voids. However, lower amounts of voids in weld B delayed fracture by
void coalescence. The authors believe that the large increase in strain at the end of the tensile test
relates to the void coalescence stage which can be confirmed by observation of Figure 4-16a where
large voids are found close to fracture. This confirms that void coalescence takes place at the end
of test which is also supported by Kim et al. [59] and Chen et al. [99] who concluded that voids or
cracks can initiate even at lower strain and coalescence would occur at higher strain.

Lambert et al. used an acoustic emission technique and showed MA as the crack initiation
source in the plastic zone by observing high level acoustic events at the end of tensile test [98]. It
can be noted in this prior work that there were some low level acoustic events (just after yield
point), while high level acoustic events occurred at the end of tensile test [98]. When the tensile
was stopped at the high acoustic level event, MA was found as crack initiator. However, details of
the metallography used to investigate crack initiation of MA was not given [98] like the position
of the crack on tensile specimen. In the current investigation, it is observed that there could be
variations in the number of voids or crack initiation from surface to surface based on 3 observations
of 0.1 mm at the failure location.

It is observed that coarser and larger MA is mainly responsible for void formation and
debonding (Figure 4-18b). It can be also noted that slender MA debond more frequently (Figure
4-17b and Figure 4-18b). King et al. reported that MA and ferrite deform elastically initially in
tensile test [8]. At a certain point the ferrite will start to deform plastically and will lead to stress
development in MA/ferrite interface which will lead to debonding [8]. Stress development in
MA/ferrite interface can occur due to austenite to martensite transformation. It was reported that
there is a 4% increase in volume during austenite to martensite transformation which could lead to
triaxiality stress in the matrix [8]. Chen et al. [99] observed void formation inside MA at room
temperature tensile test, however Kim et al. [59] observed void formation always at the MA/ferrite

interface.
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Figure 4-18 : a) Quasi static tensile test of weld A at fracture, yield strength and ultimate
tensile point b) debonding of slender MA in the reheating zone at the quasi static

tensile test (yield point stop).

In the current investigation, MA is found mostly debonded from the structure instead of
breaking, which might suggest that segregation and volume expansion of martensite might weaken
the MA/ferrite interface. Lambert et al. had reported that the interface of ferrite/austenite phase of
MA (austenite in periphery) was enriched in carbon using convergent beam electron diffraction
measurement [75]. Subramanina et al. also showed the carbon enrichment in MA/matrix interface
using atom probe characterization [130]. It had been reported that carbon diffusion is slow in
austenite during cooling [131, 132] which could lead to carbon enrichment in MA/ferrite interface.
Moreover, volume constraints can stabilize the austenite in periphery of MA which could lead to
carbon enrichment in MA/ferrite interface. It had been also shown that slender MA contains high
carbon using Auger spectroscopy [133]. Moreover, Matsuda et al. reported that elongated MA
decomposed more quickly than the blocky MA during tempering [134]. In current study, elongated

MA has observed to contain lath of martensite, which is shown in Figure 4-19.
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Figure 4-19 : (a) Bright field image of slender MA (b) SAD pattern from MA (c) martensite
lath in slender MA(using 110,, spot)

These results all suggest that the elongated MA and ferrite interface is enriched in carbon.
The MA/matrix interface might weaken by carbon segregation as previously reported [135], and
moreover the interfacial energy of stringer MA is significantly lower than blocky MA which could
lead to debonding [58]. King et al. observed debonding even in a tensile test which was performed
at 196°C [8]. Stevenson et al. reported that MA interface might weaken by carbon segregation
[136]. Hence, these suggest that MA could debond easily from the matrix.

It is also important to notice the orientation of slender MA to the tensile axis. The stringer
MA in Figure 4-18b was found almost 45° to the tensile axis which is the preferred shear direction.
The orientation of slender MA to the tensile axis could also affect the tensile strength and ductility.
Kim et al. [59] and Tian et al. [107] reported that micro-voids can form more easily in stringer
MA/ferrite interface than blocky MA/ferrite interface. These all suggest that the presence of MA
in the reheated zone could impair the ductility severely, which is consistent with a high fraction of

MA in the weld A reheated zone which exhibited lower elongation to failure.

4.12 Summary

1. A higher fraction and coarser MA in the weld A reheated zone was associated with the
higher tensile and yield strength than weld B which contain low fraction of MA. However,

weld A exhibited lower elongation then weld B.

2. Voids formation from MA/ferrite interface and MA debonding deteriorate ductility. Higher

fraction of MA and coarser MA in weld A HAZ causes more voids formation and
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debonding, which leads to more deleterious effect on ductility. Coalescence of those voids
lead to early failure in weld A HAZ and causes poor ductility. MA was found to have more

significant effect on ductility by formation of voids and debonding.

Voids and debonding due to MA was found to occur at the quasi-static yield point in tensile

tests, which suggest MA can deteriorate the ductility significantly.
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Chapter 5 :Effect of Martensite-Austenite (MA)
Distribution on Mechanical Properties of ICRCGHAZ of
X80 Linepipe Steel?

5.1 Overview and background

Chapter 4 showed the difference in MA fraction and size lead to difference in strength and
ductility. However, which parameter between MA fraction and size is more contributing to the
detrimental properties was not clear. Moreover, heat input, hardness of the weld metal, HAZ size
between two welds can have contribution to variation in results. Hence, the goal of current study
was to determine most contributing factor among MA fraction, size and morphology on tensile
properties of localized ICRHAZ microstructure in X80 linepipe material subjected to Gleeble
testing (thermal cycling heat treatments). Two different distributions of MA with varying sizes
were produced by double heating cycle with two final cooling rates, while the same peak
temperature is maintained for both first and second heating periods. This allows one to maintain a
similar total fraction of MA, allowing study the effect of MA size on tensile properties (along with

void formation phenomena).

5.2 Experimental procedure:

Rectangular sections with dimensions of 100 mm x 10 mm x 1mm were produced from the
transverse direction of an X80 linepipe steel with a 15 mm wall thickness. The rectangular middle
section was subjected to a first thermal cycle with a peak temperature of 1350°C at a heating rate
of 300°C/s and cooled at 14.4°C/s to room temperature to simulate the coarse grain heat affected
zone (CGHAZ) of joints produced by either GMAW or SAW. A 100°C preheat was applied before
performing the first thermal cycle. The corresponding heat input for the thermal cycle was 0.78
kJ/mm. The cooling rate was measured across the length of the rectangular section to ensure a

uniform 300°C/s heating rate and 14.4°C/s cooling rate zone along the length of the controlled

2 This chapter will be submitted soon for publication by Nazmul Huda, Yiyu Wang, a Leijun Li and Adrian P.
Gerlich. The simulation part was performed by Yiyu Wang, University of Alberta
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zone by attaching K-type thermocouples at different locations. These heating and cooling rates
were maintained across a 12 mm gauge length of the section. A second thermal cycle was then
applied to a peak temperature of 850°C at a 300°C/s heating rate, followed by cooling at 2°C/s and
10°C/s to simulate the inter-critical reneated CGHAZ (ICRHAZ). Dog-bone shaped samples were
produced from the uniform thermal region as a rectangular section with 12 mm gauge length and
6 mm width in middle. The specimens were loaded at a 1 mm/min crosshead movement, while a
digital image correlation (DIC) based strain monitoring system was utilized to measure the
localized and global strains.

In order to determine the local stresses produced in the microstructures observed, numerical
simulation of the actual grain structures under tensile testing was performed using the Comsol
Multiphysics software. A 2D microstructure-based model was generated from the observed
structure in SEM images. Two components, including the ferrite matrix and MA constituents, were
considered in the model. The mechanical properties (elastic modulus and yield strength) of the two
components were taken as 210 GPa for ferrite and 203 for martensite based on recent reports
[137].. Free triangular elements were used of meshing. The tensile testing simulation was
conducted under the plane strain condition. For the boundary condition, the left edge of the model
was constrained and fixed. A symmetry boundary condition was applied for both the top and

bottom edges. A boundary load of 417 MPa was applied on the right edge.

5.3 Results

5.3.1 Microstructure

The X80 base metal average hardness is 230 +10 HV, and contains a mixture of ferrite (83%)
and bainite (17%) Figure 5-1a. The microstructures of the CGHAZ microstructure which was
cooled at 14.4°C/s cooling rate to room temperature from a peak temperature of 1350°C is shown
in Figure 5-1(b). The second thermal cycle microstructures produced from the CGHAZ, following
a cooling rate of 2 and 10°C/s from an intercritical peak temperature (between Acl and Ac3) of
850°C are shown in (Figure 5-1c&d). A ferrite-plus MA microstructure occurred for both cooling
rates, however the size of ferrite and MA is finer for 10°C/s. A higher magnification observation

in SEM from both of the microstructures are shown in (Figure 5-1e&f).
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A coarser microstructure is produced with a slower cooling rate (2°C/s) while a finer
microstructure dominates after a higher cooling rate (10°C/s) is applied during the second thermal
cycle. Ferrite grains size were measured in both the second thermal cycle microstructures using
three SEM images, and these were quantified using ASTM E112 based on the planimetric method.
The average ferrite grain size in the specimen cooled at 2°C/s (7.02 um) is 2 um larger than the
specimen cooled at 10°C/s. In addition to coarser ferrite grain in specimens cooled at 2°C/s, the
MA microconstituent size (3.47 £2.49um) is also coarser in the specimen cooled at 2°C/s, versus
at 10°C/s which averaged (2.87 £1.49um). The average volume fraction for 2°C/s and 10°C/s was
5.7 £1.4% and 5.8 +0.7% respectively. Although the total MA fraction is similar in microstructures
cooled at either rate (~5.8%), approximately half (~2.7%) area fraction of MA was tempered in
2°C/s while no significant tempering was observed in 10°C/s based on SEM image quantification.
The average spacing between MA was determined using the linear line intercept method, revealing
a larger spacing of 10 um when a cooling rate of 2°C/s is applied, versus a spacing of 5 um when
10°C/s is applied. The fraction of grain boundary MA and MA inside of ferrite grains has been
quantified for both microstructures. Only a small percentage of MA was formed inside the ferrite
grain in both microstructures, where 85.1% of MA microconstituents formed along grain boundary
and triple junctions in the specimen cooled at 2°C/s, which was comparable to 82.4% observed

after cooling at 10°C/s.
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Figure 5-1 : (a) Base metal (b) 14.4°C/s microstructure (c) 2°C/s microstructure (d) 10°C/s.
SEM observation (e) 2°C/s (f) 10°C/s ( all the image was produced using 2% Nital)

5.3.2 Microconstituents (MA and ferrite) hardness in nanoindentation

Nanoindentation was performed in for specimens produced with both 2 and 10°C/s cooling
rates and the force-displacement curves from the tests are shown in Figure 5-2 for locations
confirmed to be MA microconstituents. At least 10 indentations were performed and the average
hardness has been reported, and SEM was used to verify the locations coincide with MA. The
average hardness of MA microconstituents in the 10°C/s specimen (9.49 £1.47 GPa) is higher than
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the specimen produced using 2°C/s (8.51 +1.32 GPa). However, average ferrite hardness was 3.63

GPa for both specimens.
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Figure 5-2 : Load-depth curves in nanoindentation for MA microconstituents (a) 2°C/s (b)
10°Cl/s

5.3.3 Tensile properties

The average base metal yield and tensile strength in the hoop direction is 662 £23 MPa and
770 £4 MPa with elongation of 21%. The stress-strain plots for 2 and 10°C/s are shown in Figure
5-3a. The specimen produced using 2°C/s exhibits a yield and tensile strength of 417 £10, 529 +15
MPa respectively with 23.4% ductility. The yield and tensile strength for 10°C/s are 494.5 +13
and 574.67 £17 MPa respectively with 26.9% ductility. Both the yield and tensile strength in the
specimen produced at 10°C/s are higher than that in the specimen produced using 2°C/s. Moreover,
a cooling rate of 10°C/s also provided slightly better ductility when 2°C/s is imposed. The localized
strain distribution across the gauge length is shown in Figure 5-3b&c. It is interesting to note that
the local ductility around the failure location also improved to 51% when a cooling rate of 10°C/s
versus a peak of 40% ductility when 2°C/s was applied. In addition, the strain distribution is more
dispersed for 2°C/s specimen while the strain distribution is more concentrated in 10°C/s
specimen. The 10°C/s specimen exhibited a cup cone fracture surface while shear failure is

observed in 2°C/s, which is also consistent with the difference in observed ductility (Figure 5-3a).
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Figure 5-3: (a) Stress-strain plot for specimens cooled at 2 and 10°C/s, (b&c) localized strain

distribution in 2 and 10 °C/s across the gauge length in different stages of tensile test

5.3.4 Fracture surface observation

Observations of the tensile fracture surface indicate significant deformation and numerous
voids close to fracture close to fracture for the both microstructures (Figure 5-4a&b). The features
were dominated by dimple structures in both specimens, indicating ductile fracture (Figure 5-4
c&d). It can be also observed that the specimen cooled at 10°C/s contained fracture surface dimples
which were finer than those observed in the 2°C/s specimen. In addition, most of the dimples are
accompanied by particles at the centers of dimples (similar to Figure 4-17f in Chapter 4), which
may correspond to fragments of MA microconstituents, or partially broken MA microconstituents
[10].
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Figure 5-4 : (a) Voids formation from coarser MA of 2°C/s structure (2% Nital) (b)
completely debonded coarse MA structure. Tensile fractured specimen (2% Nital) (c)
2°C/s (d) 10°C/s

5.3.5 EBSD analysis of microstructure

The crystallographic orientations of the grains produced at cooling rates of 2 and 10°C/s have
been examined with the EBSD technique. The local kernel average misorientation (KAM)
distribution for a 15-degree threshold in both specimens have been explored and compared to band
contrast maps, as shown in Figure 5-5, Figure 5-6 and Figure 5-7. A high band contrast between
MA and ferrite is evident for 2 and 10°C/s before any deformation in the structures (Figure
5-5a&b). A similar trend has been observed for the tensile strained (Imm away from tensile
fractured surface) 2 and 10°C/s specimen (Figure 5-6a&b). Higher lattice misorientations are noted

within the MA microconstituents, which results in a darker appearance due to low band contrast,
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indicating that the interior of the MA microconstituents could not be indexed reliably due to the
fine scale of the microstructures present. A similar result was obtained in Chapter 4.

The KAM distribution in both structures (as-treated) is shown using 15-degree
misorientation map (Figure 5-5c&d). The MA microconstituents have high misorientations
immediately surrounding ferrite, while the bulk of the ferrite exhibits rather low KAM
misorientation values for both the 2 and 10°C/s specimens in as-treated condition. In addition,
coarser MA in the 2°C/s is associated with higher surrounding KAM values in comparison to the
KAM values around finer MA microconstituents observed in the specimen cooled at 10°C/s.
Moreover, coarser MA in the 2°C/s specimen (as-treated) appear to contain more severe KAM
misorientation values in the surrounding ferrite (Figure 5-5c) while finer MA microsconstituents
in the 10°C/s specimen (as-treated) produce lower KAM values (Figure 5-5d). The coarser MA in
the 2°C/s (as-treated) exhibits larger islands of more concentrated 15-degree misorientations, while
the misorientation is more uniformly dispersed in the specimen cooled at 10°C/s (Figure 5-5d).
Some grain boundaries and ferrite also have 15-degree KAM misorientations, which may
correspond to subgrain boundaries and local dislocation arrays within the ferrite grains.

As expected, the KAM misorientation maps for near the fracture surfaces of tensile
specimens indicate that the tensile strained materials exhibit much higher fraction of high angle
misorientation compared to the as-treated samples (Figure 5-6¢&d). In addition, the tensile
strained specimen which was cooled at 2°C/s exhibits a much larger area of high angle
misorientations than the tensile strained specimen, cooled at 10°C/s (Figure 5-6¢&d). This is also
noted by the EBSD statistics for misorientation angle fraction, as shown in the Figure 5-7a&b. It
is observed from Figure 5-7a (for the as-treated specimens) that the material cooled at 10°C/s
contains a slightly lower fraction of low angle misorientation (1 to 4 degrees), while the specimen
cooled at 2°C/s contains a higher fraction of medium angle boundaries (4 to 15 degree).
Quantitative EBSD measurement of misorientation angle fraction are compared between both
cooling rates are shown in Figure 5-7b (after tensile strain). The specimen cooled at 2°C/s reveals
a significant reduction in the fraction of low angle misorientations (1 to 4 degrees) after
deformation and increase in medium angle misorientations (4 to 15 degree), see Figure 5-7a&b.
Meanwhile, the fraction of low angle misorientation (1 to 4 degree) and medium angle
misorientation (5 to 15 degree) in the 10°C/s specimen did not change significantly (Figure

5-7a&b). A higher fraction of high angle misorientation (4 to 15 degree) in the tensile strained
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specimen cooled at 2°C/s suggest that strains and dislocation motion occurred more readily during

tensile testing compared to the 10°C/s specimen.
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Figure 5-5 : Band contrast in as-treated condition (a) 2°C/s (b) 10°C/s. 15-degree (blue to red
represent low to high angle) misorientation map as-treated specimen (c) 2°C/s (d)
10°Cl/s.
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5.3.6 Tensile test simulation

To correlate and validate void nucleation from coarser MA/ferrite interface, tensile loading
was simulated for the microstructure observed in the specimen cooled at 2°C/s. The results from
simulation for the 2°C/s structure are shown in Figure 5-8. The mesh configuration, generated
model and locations of ferrite versus MA constituents were developed based on the actual
microstructure observed in the specimen cooled at 2°C/s, shown in Figure 5-8a,b&c. The stress
distribution was calculated based on a uniform stress of 417 MPa (corresponding to the actual
yield strength of the 2°C/s specimen) applied in the transverse direction of material, as indicated
by the arrow. The von Mises stress distribution is shown in Figure 5-8d in response to this loading
scenario, with the left side of the structure under a fixed boundary condition. An acute stress
concentration is observed at the interfaces of MA/ferrite. Stress localization is more severe around
the coarser MA/ferrite grain interfaces than compared to finer MA regions. The maximum local
stress concentration reached 3.7 GPa at the interface, while the typical stress level in ferrite was
between 100-500 MPa. The MA microconstituents with an average size of 1 pm or below do not
introduce significant stress concentrations in the structure. Moreover, MA microconstituents
which are inside of ferrite grains (particularly those smaller than 1 um), do not present any severe
stress concentrations, suggesting these are mainly benign to the fracture properties.

Another interesting observation is that the stress concentration locations around MA
microconstituents were most severe at sharp corners. In addition, the probability of a high stress
concentration at sharp edges will be higher when it coincides with a grain boundary. Moreover,
the angle of those sharp edges to the applied stress direction could also have a significant role in
stress concentration. It can be observed that when several sharp edges are close to each other and
are approximately 90 degrees to the applied stress, this leads to the most significant stress
concentration. It is also interesting to observe that some of the large MA grains has plastic
deformation capacity. In Figure 5-8d some of the MA sustains strain in a similar way to the ferrite
grains.

The principal stress is distribution is shown in Figure 5-9. The resulting distribution of stress
was nearly the same for both, meaning it is mostly uniaxial, with only some increased multi-axial

at the locations with more elongated holes which lead to a higher von Mises in those locations.
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Figure 5-8 : (a) 2°C/s microstructure used for model generation (b) meshed figure (c)
generated model with highlighted MA (d) von Mises stress distribution at 417 MPa

applied stress.

Figure 5-9 : Principal stress distribution at 417 MPa applied stress
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5.4 Discussion

The ferrite and MA microconstituents are coarser in the 2°C/s than 10°C/s due to the slower
cooling rate which contributes more to grain growth, leading to lower hardness as well. The
difference in MA size and distribution may relate to carbon diffusion time. Davis and King [8]
explained the MA formation from reheating of upper bainite structure. Austenite nucleates from
prior austenite grain boundaries and bainite lath boundaries. Austenite becomes rich carbon and
there will be insufficient time for carbon diffusion. On cooling, this carbon rich austenite will
transform into MA. Nakao et al. [62] proposed two MA formation mechanisms based on peak
temperature in second thermal cycle. In first mechanism, reheat temperature is above Ac3 while
reheat temperature is between Acl and Ac3 in second mechanism. According to Nakao et al. [62]
the austenite grows in high carbon region (prior austenite grain boundary) when temperature reach
above Ac3. The subsequent cooling led formation of ferrite and bainitic ferrite in low carbon region
while MA constituents form in high carbon austenite region. While the second mechanism
suggested that, there could be precipitation of carbides on the coarse prior austenite grain
boundaries after first thermal cycle. Second thermal cycle results a temperature peak between Acl
and Ac3 in the microstructure. Austenite grows along the grain boundaries and the carbides
dissolve into austenite regions during second thermal cycle heating. On cooling the austenite
transforms and part of austenite transform into MA [63]. That suggest MA preferentially grow in
high carbon region and its formation highly depends on carbon diffusion time. Now in current
study, the very slow cooling rate 2°C/s will provide sufficient time for growth of ferrite grain and
diffusion of carbon from ferrite. This will also allow the growth of coarser MA structure in 2°C/s.
However, faster cooling rate may not provide sufficient time grain growth and carbon diffusion in
10°C/s thereby a more disperse distribution of MA occurred from lack of carbon diffusion time.

The MA microconstituents exhibited a lower hardness in the 2°C/s specimen compared to the
specimen cooled at 10°C/s which likely results from diffusion of carbon and auto-tempering of the
MA at lower cooling rates. Higher cooling rates will might prevent carbon diffusing from the MA
microconstituents, and any martensite formed will likely remain untempered as the cooling rates
increase.

Figure 5-3a reveals that the specimen cooled at 10°C/s exhibits a higher yield and tensile
strength with combination of higher ductility than the 2°C/s. In the present work, one can note that
coarser ferrite and MA microconstituents produced at a cooling rate of 2°C/s leads to inferior
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strength compared to the 10°C/s cooling rate. The difference in strength between 2 and 10°C/s
relate to ferrite grain size and MA distribution. The ferrite grain size contribution to yield strength
was calculated using the Hall-Petch equation [138]. According to this, the ferrite grain size (7 um)
of 2°C/s specimen have 209 MPa contribution towards yield strength while it is 247 MPa for 5 um
ferrite grain size of 10°C/s specimen. Consequently, one can note a difference of 37 MPa (overall
77 MPa) value was accuounted for by ferrite grain sizes between two microstructures. However,
there is a difference in yield strength of 40 MPa between the 2 and 10°C/s specimens which is
contributed by factors other than ferrite grain size. That suggests, this 40 MPa difference is mainly
contributed from a secondary phase, or solid solution strengthening within the ferrite grains.
Moreover, it should be noted that the MA distribution is more uniform in the 10°C/s specimen,
which enhances strengthening of the ferrite as form of dispersion strengthening.

It is commonly accepted that an increase in strength will generally result in reduced
ductility for the same alloy composition. In Chapter 4, it has been shown that a higher MA fraction
will reduce ductility in X80 linepipe material GMAW weld. However, despite higher strength in
10°C/s specimen, it exhibits better ductility. The MA/ferrite interface had been shown to be the
source of void formation in Chapter 4 during tensile testing, and so it was suggested that the higher
MA fraction will produce more voids and coalescence of those voids lead to loss of ductility. In
the current investigation both the microstructures have a similar fraction of MA, but differ in terms
of size, density, morphology and distribution. Since, the density of MA is higher in the 10°C/s
specimen with a shorter spacing between them; this is likely to produce a higher density of voids
prior to fracture along with poor ductility. However, the opposite trend has been observed in Figure
5-3a, meriting further discussion to explain this phenomenon.

It can be observed that MA constituents are coarser in the 2°C/s specimen compared to the
10°C/s. The coarser MA in the 2°C/s structure may easily initiate voids, leading to loss in ductility.
The observation of larger voids close to the main tensile fracture path, and the observation of
coarser dimple on the fracture surface of the 2°C/s specimen support this explanation. Furthermore,
the finer MA constituents in the 10°C/s specimen might contribute to more uniform straining
during tensile test. A finer dimple structure on the fracture surface and lower number of large voids
near the fracture path in the 10°C/s also suggests higher ductility, especially locally around the
fracture as evident in Figure 5-3c. The finer distribution of MA microconstituents will have a more

benign stress concentration distribution as shown in Figure 5-8d, which will delay the onset of
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grain decohesion and fracture, thus enhancing ductility. In current study, the simulation results
suggest that the stress at MA/ferrite interface could reach 3.7 GPa when yield stress was applied;
which is higher than the martensite-ferrite interface strength (2.4-2.5 GPa) determined by Poruks
et al. [139]. So it suggest that void formation can occur when yield point is reached which was
also shown in Chapter 4 study.

The second important observation is the trends in misorientation angles, which may closely
correlated to dislocation density around the coarser MA. Kamaya et al. correlated as-treated and
plastic strained specimen strain to dislocation accumulation in austenitic stainless steel using
EBSD and the method is independent of step size, number of data and EBSD system [140]. The
EBSD data plotted for 15-degree misorientation maps from the 2 and 10°C/s specimens before
deformation suggest that misorientation distribution is more uniform in the 10°C/s structure while
some areas of the 2°C/s specimen have inhomogeneous and locally high misorientations. Most of
the highly misoriented area of the 2°C/s also contain coarser MA. This suggests that the coarser
MA creates more misorientation gradients which might associated with higher dislocation density.
The presence of dislocations around MA has been confirmed using TEM and high misorientation
around MA have been shown around MA in Chapter 4.

High densities of dislocations at the MA/ferrite interface can have a significant contribution
in tensile properties. Kang et al. [141] suggested that the interface of MA constituents and ferrite
is the source of stress concentration, as demonstrated by tensile testing using local strain
monitoring facilities. Chen et al. [99] reported that the critical fracture stress is reduced when MA
grows larger than a critical size. Okada et al. [60] used finite element analysis to show that the
strain field around massive MA was much larger than elongated ones, and thereby massive MA
was more detrimental as a factor for crack initiation. Kadkhodapour et al. [142] also showed that
coarser MA causes void formation in dual phase steel. Okada et al. suggested that the strain field
around MA might be a controlling factor for crack initiation. Micro-voids and micro-cracks can
form in coarser MA surrounding ferrite matrix easily which may related to lower critical fracture
toughness around it [60, 99]. The simulation results also suggest that coarser MA/ferrite interface
subjected to more stress than finer MA (Figure 5-8d). Deformation of the coarser MA and high
dislocation around MA in the 2°C/s specimen support above explanation (Figure 5-6a). Moreover,
void formation in the MA/ferrite interface and debonding of MA from the structure suggests a

weakness interface (Figure 5-4a&b). That is evident in 15-degree misorientation map of the 2°C/s
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specimen (Figure 5-6b). Dislocation pile up in that location creates a significant fraction medium
angle misorientation (4 to 15 degree). In contrast, the 10°C/s specimen contains lower dislocation
densities around finer MA and the number of grain boundaries is higher, which may make
dislocation movement difficult (Figure 5-6d).

The distribution of MA constituents can also have role in differentiating the two specimens
here versus ductility. It is believed that the 2°C/s specimen contains ferrite which deformed easily
considering the lower density of MA with a wider spacing between them, compared to the 10°C/s
specimen. In support of this, high degrees of ferrite deformation are suggested by the 15-degree
misorientation maps of the deformed 2°C/s specimen. However, deformation in the 10°C/s
specimen is more uniform and less severe than the 2°C/s. Okada el al. [13] reported void formation
in the early stage of ductile fracture as a result of internal stress which was due to a difference in
plastic strain between the hard secondary phase and matrix.

It was observed that void sizes close to the main fracture of the 2°C/s samples are
significantly higher than the 10°C/s samples, which is likely related to the size of MA. In addition
to size and distribution, the morphology of MA constituents is also important. It has been shown
in research that sharper edges of MA are often a source of stress concentration. The distribution of
von Mises stress concentration based on simulation suggest that the sharper edges which are at 90
degrees to the applied stress is the most severe source of stress concentration, promoting voids to
form first, and hamper ductility. In addition, when the sharper edges (at 90 degrees to the applied
stress) are close to each other, the stress concentration is more severe (Figure 5-8d). Kang et al.
[141] results suggested that intercritical annealed specimens contain MA microconstituents and
stress concentrated in sharper edges of MA, while even small MA microconstituents with sharper
edges can be source of stress concentration. Kadkhodapour et al. [142] also showed that void
formation occurs at the sharper edges of MA in dual phase steels.

It is also interesting to observe that some of the large MA microconstituentss exhibit low
stress concentrations throughout and around them. This is against the report by Chen et al. [99]
who suggest MA itself does not have any ductility at room temperature, while support Hrivnak et
al. [80] the view that MA has good strain capacity. However, the simulation results suggest that
some of the MA sustains strain a similar way to ferrite grain, which may be due to a favorable

orientation of MA and the microstructure around the MA.
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5.5 Summary

1.

The 2°C/s microstructure contains coarser ferrite and MA than 10°C/s. While the
distribution of MA is more benign in 10°C/s than 2°C/s.

Void formation from MA/ferrite interface led to failure during tensile test in 2 and 10°C/s
microstructures. Hardness difference between MA and ferrite lead to stress concentration
in MA/ferrite interface which causes void formation.

Coarser MA is found more prone to form early void formation in the structure. Coarser
size MA in 2°C/s causes premature void formation which led to loss in ductility.

Dispersed distribution and finer size of MA lead to improved tensile properties (strength
and ductility) in 10°C/s than 2°C/s.
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Chapter 6 : Temper-Treatment Development to
Decompose Detrimental Martensite-Austenite and its

Effect on Linepipe Welds?3

6.1 Overview and background

The results from prior Chapter 4 and 5 suggest that the interface of coarse MA and ferrite is
primarily responsible for premature void formation. The difference in hardness between MA and
ferrite, along with a strain field around the MA readily promotes void formation. The goal of the
current chapter work to develop a heat treatment procedure to temper detrimental coarser MA and

make the strain field around MA more benign, and potentially improve mechanical properties.

6.2 Experiemtal procedure

Weld A from Chapter 4 which was produced by wire A with a diameter 0.984 mm was
used for the present study. Transformation temperatures Acl (709°C) and Ac3 (871°C) of the X80
base metal are calculated using equations 6-1 to 6-3 provided by Andrews [143] and Ishida et al.
[144] where chemical composition of elements are in weight percentage. Numerous experiments
were performed using a furnace with different temperatures and holding times to confirm the Acl
temperature of the material in second thermal cycle. It was found that a temperature of 709°C with
a hold time of 20 min was the threshold for the start of austenization (Acl) of the X80 material. It
is reported that the maximum MA formation occurs when reheating just above the Acl temperature
[145]. Thus, a second thermal cycle at a temperature of 710°C was selected to observe the MA

formation and its effect on tensile strength and ductility.

3 This chapter is published Manuscript in Materials Science and Technology, 2017 on 9 May 2017, available online:
https://doi.org/10.1080/02670836.2017.1342019 Nazmul Huda, Yuquan Ding and Adrian P. Gerlich, Temper-treatment
development to decompose detrimental martensite-austenite and its effect on linepipe welds.
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Acl (°C) = 723-10.7Mn-3.9Ni+29Si+16.7Cr+290As+6.38W...........c.ceiinnnn.n. Equation 6-1
Ac3 (°C) = 910-230 C0.5 -15.2Ni+44.7Si+104V+31.5Mo+13.1W..................... Equation 6-2
Ms (°C) = 545-330C+2AIl+7C0-14Cr-13Cu-23Mn-5Mo0-4Nb-13Ni-7Si+3Ti+4V.....Equation 6-3

Here, elemental composition is in wt%.

The heat treatment cycles were performed using an electric furnace preheated to the desired
temperature and then samples were put inside the furnace in open air. A heat treatment schedule
with a first thermal cycle temperature of 1000°C and 20 min holding time was applied and
followed by cooling in air. A second thermal cycle was applied to the pre heat-treated specimen at
a temperature of 710°C and 20 min holding time to investigate the MA structures after cooling in
water. The post-weld heat treatment (PWHT) thermal cycle was imposed at temperatures of 200°C
and 300°C, which were selected with different tempering times from 1 minute to 1 hour for
comparison, and samples were cooled in water.

XRD analysis (with Cu-Koa radiation) was conducted using a Bruker D8 at a scan rate of 2
deg/min to quantify the percentage of austenite in the structure. A JEOL 9500F was used to map
carbon distribution inside the MA using Auger electron spectroscopy (AES). Tensile tests were
performed using standard sub-sized tensile sample (in the hoop direction with a 100 mm total
length, with a 32 mm gauge length, 6 mm width, 2 mm thickness). Yield strength was calculated
based on 0.2% offset method. The welding design with tensile samples were produced from
direction orientation as shown in Figure 4-1. A precision cutter was used to extract 10 x 10 mm
specimen. The specimen was grinded to 0.15 mm using 800 grit paper. lon milling was performed

to reduce the thickness to <100 nm in the middle of 3 mm discs punched from the specimen.

6.3 Microstructure and hardness in weld reheated zone

The X80 base metal contains a mixture of bainite (17%) and ferrite (83%), with an average
hardness of 230 £10 HV, with a microstructure shown in Figure 6-1a. A macrograph of the four
pass weld is shown in Figure 6-1b. Etching is performed in such a way that the reheated HAZ zone
between cap pass and fill pass can be clearly identified. Hardness of this zone varied from 240 HV
to 220 HV (based on an average of three lines) moving from fusion line to base metal. The

microstructure of the reheated zone is shown in Figure 6-1c, which is mostly granular bainite, and
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it has been reported that it is easy to form MA along with this microstructure [146]. LePera etchant
reveals the existence of MA (corresponding to a white appearance) in the reheated zone (Figure
6-1d). There are white structures (untempered MA) observed in the reheated zone which amount
to 5% of the structure in this region, with sizes varying from 0.2 to 4 um. The presence of MA in
the ICCGHAZ and ICHAZ is well known to result from intercritical heating [8]. Both untempered
MA and tempered MA are found in the reheated zone (Figure 6-1e&f). It has been suggested that
tempered MA could occur in the reheated HAZ zone because the second bead is performed in top
of first bead [108] and in the process any untempered MA in the first bead ICHAZ can be

decomposed.

Figure 6-1 : (a) Base metal microstructure (2% Nital) (b) weld macrograph (2% Nital) (c)
reheated zone microstructure (2% Nital) (d) LePera etching of MA in reheated zone
(e) untempered MA in reheated zone (2% Nital) (f) tempered MA in reheated zone
(2% Nital)

6.4 Tensile test investigation in welded sample

The base metal yield strength and tensile strength are 662 +23 MPa and 770 4 MPa
respectively, with an elongation of 21%, while for welded sample it is 575 £10 MPa, 605 +24 MPa

respectively with 10.2% elongation. Tensile tests were performed on the welded sample with the
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reheated HAZ between the fill and cap passes positioned in the mid-section of the tensile sample.
Tensile results indicated the fracture occurred in the HAZ (as shown in Figure 6-2a).

Numerous voids with average sizes ranging from 0.3 to 30 um are observed in vicinity to main
fracture path. It is observed that 94% of the voids initiated from large MA/ferrite interfaces (Figure
6-2b). Example of more voids initiation from MA/ferrite interface and MA debonding can be found
in Chapter 4. It can be observed from Figure 6-2b that one of the slender MA regions can be
observed and debonded from the structure; however it is retained in the matrix. Moreover, the
slender MA is fragmented in the middle. However, small MA (less than 1 pum in size) do not
become debonded or initiate voids in the structure (Figure 6-2b), which might indicate smaller size
MA is not as detrimental to mechanical properties as larger MA. It can be also observed that
tempered MA does not initiate voids or debond from a matrix structure, which suggests that
tempered MA is not as detrimental (Figure 6-2b). Davis and King suggested that MA with pearlite
dominant MA microstructure is beneficial to impact toughness [56].

A difference in the yield strength and plastic strain capacity between ferrite and MA can have
significant effect which is discussed in Chapter 5. Kadkhodapour et al. showed using simulation
that strain localization occurs in the sharper ends of MA, and the two sharp ends of slender MA
are more prone to stress-strain concentration in dual phase steel [142] which is also observed in
Chapter 5. In addition, Li et al. suggested slender MA has a greater likelihood to debond from the
structure due to low dihedral angle [58].

In addition to stress-strain and angle, the austenite percentage in MA can also play a significant
role in straining ability of MA. The presence of more austenite in the MA might provide more
strain capacity, thereby reducing the probability of fragmentation or debonding. Hrivnak et al. also
suggested MA has a strain capacity [78] which depends on the austenite percentage. In the current
investigation, it is believed that straining causes fragmentation of MA and more strain leads to
debonding of fragmented MA. During polishing this specimen, fragmented parts of the MA may

dislodge out of the structure.
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Figure 6-2 : (a) Fracture in HAZ for as welded sample in tensile test (2% Nital) (b)
debonding of MA and void formation in MA/ferrite interface, tempered MA is not
debonded, small MA does not get debonded (2% Nital)

Figure 6-3 : (a) Base metal fracture surface of dimples dominant structure (b) HAZ

fractured surface of large voids dominant structure with particles inside voids

To investigate further the debonding reported earlier in more detail, SEM observations of
the tensile fracture surfaces in the base metal and the weld HAZ are compared, which exhibit a
significant difference in appearance (Figure 6-3a&b). The fracture surface of the base metal is
dominated by small dimples, while the fracture surface of HAZ fracture sample is mostly large
voids. Some of the voids in the HAZ fractured sample are associated with particles in their centre,
which presumably corresponds to MA or fragmented portions of MA (Figure 6-3b). Since Kim et
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al. proposed that ferrite deforms more significantly than MA during the room temperature tensile

test [59], this is consistent with the fragments inside the dimples.

6.5 Optimum PWHT cycle determination for weld by heat
treatment study

According to the characterization of the welded sample and its corresponding tensile fracture
surface, larger MA (=1pum) appears to deteriorate the properties of the HAZ during tensile tests by
initiating voids and debonding these from the ferrite structure. It is possible an optimum PWHT
cycle with different temperatures and tempering times can improve the tensile properties by
decomposing the mainly detrimental large (>1pum) MA, without significantly deteriorating grain
structures or impact toughness. However, the reheated zone in weld is rather small, and exhibits
significant variation in MA type (comprising either untempered or tempered structures), which
complicates an analysis of the role of tempering. So, a heat treatment schedule has been developed
as per Figure 6-4 to determine an optimum PWHT cycle and subsequently apply it to the weld. A
single thermal cycle sample with a 1000°C peak temperature is used to heat the sample and cooled
in still air. Subsequently the sample is heated to 710°C (above Acl) and cooled in water. Two
tempering temperatures of 200°C and 300°C are chosen with tempering times of 1 hr, 30 min, 10
min, 5 min, 2 min, 1 min followed by water quenching to determine a useful tempering cycle in

order to identify a minimum tempering time to be practical in the field.
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Figure 6-4 : Heat treatment cycle schedule in furnace for heat treatment study to determine

optimum PWHT cycle

6.5.1 Microstructure in heat treated sample

After the first thermal cycle (at 1000°C), the microstructure is mostly ferrite and
degenerated pearlite (Figure 6-5a&b), as confirmed by SEM. EDS analysis showed the manganese
percentage is 2.0% which is higher than the base metal manganese content (1.73%). Measurements
were performed based on standard-less method and repeated for several MA points, with scatter
of 0.1%. The quantitative microscopy revealed that 11% of the structure is degenerated pearlite
and the remainder is ferrite. After a second thermal cycle (at 710°C), MA is found in triple
junctions of ferrite grain, at grain boundary regions and inside ferrite grain (Figure 6-5c), while
use of LePera reveals white structures which are MA (Figure 6-5d). The quantification based on
area analysis indicates that 20% of the structure is MA. SEM observation confirms the absence of
a tempered MA in the structure (Figure 6-5e), with a heterogeneity of phases internally (Figure
6-5f). Villela etchant reveals a variation in austenite-martensite percentage from one MA grain to

another (Figure 6-6). The MA grain in Figure 6-6a indicates a high percentage of austenite while
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Figure 6-6b MA contains a low percentage austenite. Lambert et al. have also used similar methods
to characterize martensite austenite inside MA microconstituents using Villela etchant [75].

MA with
heterogeneous

tructured
2 inside

Figure 6-5 : (a) First thermal cycle microstructure (1000°C)- 2% Nital (b) First thermal
cycle SEM (1000°C) - 2% Nital (c) Second thermal cycle microstructure (710°C) -
2% Nital (d) Lepera etching of second thermal cycle microstructure (710°C), (e)
SEM image from the second thermal cycle specimen (710°C) - 2% Nital, (f) Higher
magnification image of MA (2% Nital)
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Figure 6-6 : (a) Untempered MA with high percentage austenite (6% of MA) of austenite

(Villela etchant) (b) untempered MA with low percentage austenite (2.8% of MA)

austenite (Villela etchant)

A tempering cycle with a temperature of 200°C for times of 1 hr and 10 min respectively
showed that MA does not decompose, considering that the MA retains the white appearance
(Figure 6-7a-b). This is confirmed by SEM observation (Figure 6-7c-d). However, when applying
a temperature of 300°C for 1 hr during the tempering cycle, a significant fraction of MA is
decomposed (Figure 6-7¢), with the exception of a small MA (<1um) which do not decompose.
Likewise, applying a tempering temperature of 300°C for 10 min also promoted most of the MA
fraction to decompose, however small sized (<1 pm) MA does not decompose (Figure 6-7f), which
is confirmed by SEM observation (Figure 6-7g-h).
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Figure 6-7 : Lepera etching and SEM image (a) 200°C, 1 hr tempering (Lepera etching) (b)
200°C, 10 min tempering (Lepera etching) (c) 200°C, 10 min tempering (2% Nital)
(d) untempered MA (2% Nital) (e) 300°C, 1 hr tempering (Lepera etching) (f) 300°C
10 min tempering (Lepera etching) (g) temper microstructure at 300°C, 10 min (2%
Nital) (h) tempered MA (2% Nital)

X-ray diffraction is used to investigate the austenite percentage in water cooled (710°C)
and water cooled tempered (300°C, 10 min) sample. XRD analysis of the water cooled sample
confirmed the presence of austenite (Figure 6-8), where the graph is normalized based on the
highest peak measured. The retained austenite percentage is calculated in the air and water cooled
samples relative to ferrite based on the equations below, based on the prior work outlined by Zhou

etal. [147]:

Austenite percentage, y % = % O PEPPRPRPRPPON =0 U - 11 (o] WO R

Ra " Ty
where | is the x-ray intensity peak count of a respective phase, and:

Ry _va* F2?P ,1+Cos?20 . ,Sin’0, CosO,

—_

Ra~ v,> F?P_ ' 1+C0s°26 )(51?1.29 CosO )

............... Equation 6-5
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Here, R is crystal correction factor accounting for volume of unit cell, structural factor,
multiplication factor and brag angle, V is the volume of unit cell (Va =2.86 A and V, =3.81 A)), F
is the crystal structural factor (F, = 4 2, F, = 16 f,2; for steel f, = f,), and P is the multiplicity
factor for the lattice. The calculation showed that the austenite is 0.2% in water cooled sample
(710°C) which is 0.9% of only the MA regions. However, after tempering at 300°C the austenite
percentage is 0.14% overall, which corresponds to a 17.3% portion of only the MA regions. It can
be observed that there is a slight decrease in total austenite after PWHT, however the austenite
fraction within only MA slightly increases (i.e.: since the martensite portion has decomposed while
austenite does not change). The decrease in austenite with PWHT was reported in other work
[148]. It had been also reported that the austenite percentage decreases with an increase of MA
size [100].

It has been previously suggested the smaller MA contains more austenite than larger MA,
based on SEM and Auger spectroscopy [133]. A similar phenomenon can be observed by
comparing Figure 6-6a&b. The MA grains with an average size of 1.7 um contain 6% austenite
while MA with a size of 4 um contains 2.8% austenite. The current tempering cycle is designed in
such a way that most of the larger MA (containing low amounts of austenite) will decompose while
the smaller MA containing more austenite does not. The larger MA only decomposed after
tempering, the austenite inside larger MA may transforms to ferrite and carbides. However, the
austenite in small MA was retained after tempering, which may account for the remaining large
austenite even after tempering. The larger MA is predominantly martensite and contains higher
carbon than smaller MA. Thus, larger MA is more prone being tempered than smaller MA. The
higher carbon in the larger MA provides a driving force to complete the transformation to ferrite
and carbide. It has been reported that small austenite (<1um) will remain as austenite even with
faster cooling rates [7, 100]. It had been reported that the austenite transforms into ferrite and
carbide at a PWHT temperature of 620°C.

However, at temperatures of 300°C and 200°C with short tempering times of 1 to 5 min,
there was no evidence of MA decomposition. This observation is also confirmed by SEM. These
results suggest that both tempering temperature and tempering time have effect on decomposition
of MA, while temperature has more significant effect. Liao et al. reported partial decomposition
of MA at tempering temperature of 200-250°C, however 300-400°C causes necklace-like MA
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constituents to decompose, associated with an improvement in toughness at this PWHT

temperature range [108].
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Figure 6-8 : XRD analysis before and after tempering in water cooled sample at 300°C

6.5.2 Hardness Investigation in heat treated sample

The base metal average hardness is 230 £10 HV, while the hardness following the first
thermal cycle (1000°C) is 168.2 +6 HV. After the second thermal cycle (710°C), hardness
increased to 189.7 +3 HV, where this increase may be due to a higher percentage of MA. After
tempering treatments at 300°C and 200°C for 1 hr, the hardness decreased to 160.3 2 and 178.4
+8 HV respectively. However, when the tempering time is reduced to 10 min, the hardness is 170.8
+3.5 and 186.9 £7.7 HV respectively. It can be also observed that there is a decrease in hardness

with increases of tempering temperature (200°C to 300°C) and time (10 min to 1hr). The drop in
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hardness with increase of tempering temperature and time had been reported by Janovec et al. and
Liao et al. due to MA decomposition [108, 109, 113].

6.5.3 In-Situ TEM analysis of MA tempering

In-situ tempering is performed in a TEM to investigate the structure inside and around MA
before and after PWHT. The bright field and dark field images of several MA microconstituents
were compared before applying a tempering cycle (300°C for 10 min). Diffraction is performed in
several MA constituents before tempering, confirming the presence of both austenite and
martensite. One of the bright filed images of a larger MA (3 pum in length, 2 um in width) is shown
in Figure 6-9a. It is found that the MA contains mostly martensite as revealed by indexing selected
area electron diffraction spots (Figure 6-9b). Though this larger MA does not reveal the presence
of austenite, the smaller MA contains more austenite. However, this larger MA is selected to
observe the effect of tempering in-situ (since during the optimum tempering cycle only the larger
MA is decomposed). Then a heat treatment schedule (300°C for 10 min) is performed in-situ
during TEM observation, while a video is captured. After heat treatment, the diffraction is
performed in the same location of same MA constituents. A bright field image of MA after
tempering is shown in Figure 6-9d The presence of cementite is also confirmed after the tempering
cycle by indexing the (111) family of reflections (Figure 6-9e) [149]. Dark field imaging was not
performed in TEM, since the formation of fine precipitates corresponding to carbides were
observed by SEM microscopy (Figure 6-7h) and Auger Electron Spectroscopy (Figure 6-11 a&b).

The dislocation distribution around the MA was observed before and after tempering from
same location as shown in Figure 6-9 c&f. There are some dislocations (based on contrast
difference performed by different tilting angle) in the ferrite surrounding the MA (Figure 6-9c)
which may have resulted from the large hardness difference between MA and ferrite. It can be
observed from Figure 6-9f that there is a change in dislocation density around MA (in the ferrite
matrix) after the tempering cycle which might suggest a rearrangement in dislocation density,
thereby a reduction in residual stress. This suggests that tempering at 300°C for 10 min may relieve
stress at the MA/ferrite interfaces. It is also observed that some of the dislocations annihilated
around the MA after tempering, which can indicate a high strain distribution in the ferrite around
the MA, which might be relieved after in-situ tempering (Figure 6-9c&f). It has been also observed

that there is a structural difference within MA after the tempering cycle which might be due to a
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reduction in dislocation density. However, the thin specimen may subjected to bending during
heating which can affect the observation on dislocation since the contrast can change due to
bending. Therefore, there is uncertainty about dislocation distribution observation before and after
tempering could be resulted.

Liao et al. observed precipitation of carbide after tempering at a temperature 250°C in a
martensite structure, where carbide precipitation was more significant at higher temperature and
carbides spheroidized at 620°C [109]. However, they reported that MA was partially decomposed
at 250°C in a bainite structure, and MA was completely decomposed at a temperature 350°C [109].
In addition, generation of internal stresses inside martensite caused a significant loss in ductility
[148]. Liao et al. suggested heat treatment can eliminate the residual stress [108]. The PWHT
process can permit rearrangement of atoms, and thereby relieve internal stresses [150]. Tsuyama
et al. reported an improved toughness properties due to uniform strain around MA [151]. The MA
constituent may undergo transformation to cementite and ferrite after heat treatment, which will
lead to more uniform plastic deformation according to the Ashby model, and thereby will improve
toughness [111]. Okada et al. suggested an improvement of toughness due to MA decomposition
and matrix softening [149]. Liao et al. showed more conclusive results by differentiating the
individual contributions of MA decomposition and matrix softening on toughness after PWHT.
There was improvement in toughness only because of MA decomposition at a PWHT temperature
range of 250-623°C with a 28.8ks holding time [149], and it can be expected that a lower
dislocation density in the matrix is produced after PWHT [109].
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Figure 6-9 : (a) Bright field image of MA before tempering (circle showing SAD pattern
location) (b) SAD pattern from MA before tempering cycle (c) dislocation around
MA before tempering (d) MA after tempering with circle showing SAD pattern
location(e) SAD pattern of MA after tempering (f) dislocation reduction around MA
after tempering (300°C, 10 min) in the same location as figure 6-9c.

6.5.4 Auger Electron Spectroscopy of MA

Auger analysis was performed on both water cooled and tempered water cooled samples
quenched from a temperature of 300°C. A uniform carbon distribution was observed inside
untempered MA and the ferrite matrix in the water cooled sample Figure 6-10 [133]. It has been

observed that the MA contains a high fraction of carbon in comparison to the ferrite matrix. The
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presence of high carbon in comparison to the ferrite matrix is reported in other research [63, 152].
However, after tempering the MA internal structure is found to differ from untempered MA
(Figure 6-11a&b). Instead of a uniform carbon distribution inside the MA region, a high
percentage carbon is observed in several locations within the MA which corresponds to carbides
(Figure 6-11b). The presence of cementite carbide was confirmed previously using the TEM

analysis in section 6.5.3.

Figure 6-10 Auger Electron Spectroscopy carbon mapping (a) SEM image of untempered
MA (b) carbon mapping of untempered MA
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Figure 6-11 : Auger Electron Spectroscopy carbon mapping (a) SEM image of tempered
MA with carbide inside after 300°C, 10 min tempering (b) carbon mapping of
tempered MA with carbide (high carbon concentration) after 300°C, 10 min

tempering
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6.5.5 Nanoindentation

Nanoindentation is used to investigate properties of isolated grains, first for the water
cooled sample containing MA with no tempering imposed. The hardness of MA is found to be
5.09 £0.5 GPa while ferrite grains exhibit a hardness of 2.82 +0.3 GPa (Figure 6-12a). The high
hardness of MA in comparison to ferrite can be explained by the contribution of a high carbon
martensite phase. However, the hardness of tempered MA is 3.7 £0.75 GPa while the ferrite
hardness is 3.5 £0.68GPa (Figure 6-12b). It had been reported that there was drop in MA hardness
after PWHT which results from MA decomposition [113]. The average hardness increase in ferrite
coupled with MA softening can be explained by carbon diffusion out of the MA and into the ferrite,
resulting in a more uniform hardness distribution throughout the phases, and has also been
explained as a secondary hardening effect by Liao et al. [109].

It can be also observed that the load-displacement curve during nanoindentation for the
untempered MA exhibits continuous deformation behavior. However, there is evidence of
discontinuous deformation behavior in the tempered MA loading curve which is consistent with
pop-in behavior [153]. It had been reported that such pop-in behavior is associated with a reduced
dislocation density [154], and a similar phenomenon is also observed by Ohmura et al. when

nanoindentation is performed in tempered martensite related to dislocation reduction [153].
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Figure 6-12 : Comparison of nanoindentation loading curves for MA and ferrite hardness

(a) before and (b) after tempering (300°C, 10 min).

6.5.6 Tensile testing
The yield, tensile strengths and fracture strains are also compared on water cooled samples

with and without tempering. The measured yield and ultimate strength values were 385 +10 MPa
and 552 +15 MPa for the as-cooled specimen, with a 21.1% elongation observed. However, these
values are 419 +12MPa and 560 +11MPa respectively for the PWHT water cooled sample, with

an elongation of 21.9%. An example for stress-strain curve is shown in Figure 6-13. It can be
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observed that there is slight improvement in ductility and yield strength after tempering while the
tensile strength remains similar. The bulk strength increase may be attributed to fine carbide
formation. It is interesting to find that despite this strength increase, the average hardness decreases
from 189 HV to 170 HV after tempering. It can be observed from Figure 6-9c&f that some of the
dislocations may disappear around MA after tempering; indicating that some residual stress is
relieved. Okada et al. suggested strain field around MA might be a controlling factor for crack
initiation [60].

Li et al. observed a drop in hardness with an increase in tempering temperature [148], while
simultaneously finding an increase in yield strength and ductility after applying a 300°C tempering
temperature. However, tempering temperatures of more than 300°C led to a decrease in tempered
martensite and increase in ferrite and carbides due to diffusion of carbon, resulting in an overall
decrease in strength, along with an increase in ductility [148]. In addition to residual stress,
formation of carbides can affect the ductility and yield strength. For example, Zhao et al. observed
adrop in hardness at tempering temperatures in the range of 210-560°C, however the yield strength
and ductility was improved [155]. It was noted that e-carbide formation was observed when
tempering at 210°C while acicular cementite formation occurred in the temperature of 310-560°C.

Moreover, it can be observed in Figure 6-8 that there is a decrease in austenite percentage
after tempering. The TEM diffraction patterns also reveal the presence of carbide and an BCC
structure. That might suggest austenite is transforming at 300°C during a 10 min tempering time,
which could indicate that austenite is detrimental to the mechanical properties. It has been
suggested that formation of retained austenite can promote migration of impurities to grain
boundaries which may facilitate crack initiation [156], by increasing boundary energy. Li et al.
also reported a significant amount of austenite decomposed at a temperature of 300°C and this led
to an improvement in yield strength and ductility in AIS16150 steel [148].

In addition, Davis and King suggest that there will be debonding of MA from matrix due
to a difference in hardness between MA and the matrix during tensile tests [8], along with
debonding of MA in elevated temperature tensile testing at 196°C. Now it can be observed from
Figure 6-12 that the hardness difference between the MA and ferrite matrix is reduced after
tempering. The reduced hardness might also prevent early debonding and thereby improve yield
strength and ductility. Moreover, a reduction of dislocation density inside MA (observed by TEM

and based on nanoindentation results), which would provide more straining capacity in the
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tempered MA, and improve ductility. Fracture surface observation showed that the fracture
dimples are finer when tempering is applied (Figure 6-14a&b) which is consistent with higher
strength and ductility. In addition, some large holes can be observed in Figure 6-14a which might
correspond to larger MA, while holes in tempered water cooled sample are smaller. This would
suggest that the larger MA deteriorates the mechanical properties more significantly by forming

larger voids during tensile tests.
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Figure 6-13 : Stress-strain curve for water cooled and water cooled tempered sample
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Figure 6-14 : Tensile fractured surface (a) water cooled sample with coarser dimple

structure (b) tempered water cooled sample with finer dimple structure
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6.6 Welding joint mechanical properties evaluation at tempering
cycle

It has been reported by most of the work that massive MA is more detrimental than small
MA. According to the results above, a tempering cycle of 300°C applied for 10 min is effective in
selectively tempering larger MA, and this schedule is applied to welds for further study to confirm
the effect on mechanical properties.

A total of 6 hardness profiles were measured on both sides of weld reheated zone before
and after tempering. The average hardness of those lines are shown in Figure 6-15. It can be
observed that hardness decreases for both welded and PWHT welded sample, moving from fusion
line to base metal direction, over which a gradual grain size decrease can be noted. However, the
hardness for PWHT welded sample is lower than the water cooled sample. The drop in hardness
might be due to some larger MA decomposing, which is consistent with the heat treatment hardness
study. It is observed that there is no change in grain size after PWHT, and hence the drop in
hardness appears mainly related to MA decomposition. SEM observation is performed in the
reheated zone of PWHT samples. It is observed that most of the large MA (> 1um) is decomposed,
while small MA (<1um) are not decomposed (Figure 6-16), which is also consistent with the heat
treatment study. The presence of some particles inside decomposed MA is also observed which
appear to be carbides (Figure 6-16b). The decomposition of larger MA might lead to a drop in
hardness in the reheated zone of the weld after PWHT.
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Figure 6-15 : Hardness comparison in reheated zone of welded sample before and after
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Figure 6-16 : (a) SEM image in reheated zone of welded sample after tempering for 300°C,
10 min (2% Nital) (b) higher magnification image of MA after tempering (2% Nital)
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In order to compare the influence of PWHT on the strength and ductility, three tensile tests
are performed in same condition as in section 6.4. A higher stress and strain is recorded in tensile
test for PWHT welded sample than the as-welded sample. It was found that a 617 +14 MPa yield
strength and 641 £15 MPa tensile strength with maximum 43% elongation is attained. A stress-
strain curve comparison before and after PWHT weld is shown in Figure 6-17. Metallography
reveals that the fracture goes through the base metal for PWHT sample instead of HAZ (before
PWHT). It is found that fracture occurred at a distance of 0.33 mm in the water cooled sample
from fusion line which is inside the HAZ. However, for the PWHT welded sample fracture
occurred at a distance of 2.15 mm away from the fusion line, which is in base metal. Observation
of the fractured surface revealed that dimples dominate the structure similar to Figure 6-3a,
consistent with base metal fracture. Strain measurements using image correlation showed that there
is a 23% contraction (ratio of fracture surface width after tensile test versus the width of tensile
sample before tensile test) for the HAZ fractured sample while it is 52% for base metal fractured
sample. That result suggests that base metal fractured sample sustains higher strain than the HAZ

fractured sample which can also be noted in Figure 6-17.
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Figure 6-17 : Stress-Strain curve comparison (based on point based strain analysis) before
and after PWHT (300°C, 10 min)

The results presented here suggest that a tempering cycle will improve the properties of the
weld. Tempering is effective in decomposing detrimental MA and may relieve some residual stress
around the MA regions. These remedial effects can strengthen the HAZ and thereby restrict void
formation upon plastic deformation, and help suppress fracture in the HAZ. Charpy impact tests
conducted in the welded and PWHT welded samples involved making the notch in HAZ, similar
to the method proposed by Lan et al. [91]. Metallography showed that primary fracture went
through the weld metal instead of the HAZ, though it is difficult to isolate the contribution of

Strain (%)

PWHT exclusively on the stress-strain performance of the HAZ.
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6.7 Summary

A potential Post Weld Heat Treatment (PWHT) cycle has been determined by evaluating the
microstructures and mechanical properties for various tempering times at 200 and 300°C
respectively. Fracture occurred in the HAZ before applying a PWHT to a weld. Subsequently, a
potential PWHT cycle has been applied to the welded sample. The following conclusions have

been reached:

1. Fracture occurred in the HAZ of the welded sample, which is dominated by void
nucleation from the MA/ferrite interface and debonding of MA. The MA regions with

sizes over 1um were found detrimental to mechanical properties.

2. Performing tempering at 300°C, for 10 min was found to decompose detrimental coarse
MA and provide a more benign size distribution of MA. The hardness of untempered
MA regions was found to be twice the hardness of the ferrite matrix before heat
treatment. However, after PWHT the hardness difference between MA and ferrite
matrix was decreased. After the PWHT cycle the yield strength and ductility was
slightly improved, which might relate to decomposition of detrimental MA and

reduction in dislocation around MA.

3. Applying the PWHT cycle in the welded sample, fracture during transverse weld tensile
testing shifted from the HAZ to the base metal. This was explained by decomposition
of detrimental MA and a reduction in dislocation around MA. This prevents premature
void formation and coalescence, resulting in an improvement in yield strength and

ductility when the fracture location shifted towards the base metal.
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Chapter 7 : MA Distribution, Fraction and Size Effect

on Toughness 4

7.1 Overview and background

The objective of the current work is to study the MA fraction, size and distribution effect on
toughness properties. This will require one to investigate the effect of MA in pipeline materials,
and the results from the specific pipeline alloy studied will provide insights into other similar
alloys. Varying cooling rates will be used to investigate the influence of the martensite-austenite
(MA) microconstituent on the toughness properties of X80 linepipe steel after intercritical
reheating. The effect of MA on toughness will be evaluated and subsequently MA role in fracture

mechanism will be investigated.

7.2 Materials and experimental procedure

An X80 linepipe steel was used to investigate the role of thermal cycles on MA formation
and the corresponding effect on properties. Based on these temperatures attain from the calculation
in Chapter 6 section 6-2, an experimental heat treating schedule was developed as shown in Figure
7-1. In first thermal cycle, three samples with dimensions of 40 x 20 x 15 mm were heated to a
temperature of 1000°C (above Ac3) using a furnace, held for 20 min and then air cooled to room
temperature. A temperature of 1000°C and 20 min holding was applied to ensure uniform
austenization throughout the specimen. In a second thermal cycle, all three samples were heated
to a temperature at 710°C (just up to Acl), for a holding time of 20 mins to achieve the
austenization start temperature and subsequently cooled down from that microstructure to observe
the change in microstructure. The samples were then subjected to different cooling rates (furnace,
air, and water cooling). Three more samples are also heat treated in the same procedure except to
a second thermal cycle peak temperature of 750°C (between Acl and Ac3) to compare how this
higher temperature affects the fraction of MA.

4 This chapter is published Manuscript in Materials Science And Engineering A, 2016 on 22 March 2016, available
online: https://doi.org/10.1016/j.msea.2016.03.095, Nazmul Huda, Abdelbaset R.H. Midawi, James Gianetto, Robert
Lazor,Adrian P. Gerlich, Influence of martensite-austenite (MA) on impact toughness of X80 line pipe steels
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Figure 7-1 : Double thermal cycles developed with initial air cooling followed by intercritical
reheating and different cooling conditions

XRD analysis (with Cu-Ka radiation using a Buker D8 instrument) was used to quantify the
percentage of austenite in the structure. Auger electron spectroscopy (AES) was used to map the
carbon distribution at different microconstituents of the samples using a JEOL 9500F system.
Charpy impact testing was performed by cooling full size impact specimens (10 x 10 x 55 mm) to
-100°C and -45°C using a mixture of ethanol, dry ice, and liquid nitrogen. At least three tests were

performed at this temperature and the average was calculated.

7.3 Results and discussion

7.3.1 Microstructure

The as-received X80 base material microstructure is shown in Figure 7-2a. After the first

thermal cycle (1000°C), the ferrite and bainite microstructure transforms into ferrite and
degenerated pearlite (DP) (Figure 7-2b&c).
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Figure 7-2 :
magnification) - 2% Nital (c) after first single thermal cycle (higher magnification) -
2% Nital

Figure 7-3 : Microstructure after second thermal cycle (710°C) (a, d) furnace cooled (b,e) air

cooled (c,f) water cooled revealed using 2% nital and LePera etchants, respectively

The transformation of the ferrite and bainite base metal microstructure into ferrite and DP
is confirmed by observations using SEM. The use of EDS analysis shows that the DP contains
2.0% manganese, which is slightly higher than the manganese content in the base metal (1.73%).
Measurements were performed based on standard-less method and repeated for several MA points,
with scatter of 0.1%. Moreover, it is a generally accepted that DP contains a higher amount of
carbon than surrounding ferrite [152]. Based on image area analysis, quantitative microscopy
reveals that 11% of the structure is DP and the remaining is ferrite.
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After the second heating cycle, the furnace cooled sample exhibits a ferrite and DP
structure Figure 7-3a. However, the air and water cooled samples (from a peak of 710°C) contain
fine islands of MA at the triple junctions of ferrite grains, at their grain boundary regions and even
inside the ferrite grains Figure 7-3b&c. The use of LePera etchant on the furnace cooled sample
does not reveal any white structures, meaning there is no MA in the structure. However, the air
and water cooled samples containing numerous white islands in their structure (Figure 7-3e&f).

Both samples exhibit slender (with a length to width ratio of 4:1) and blocky type
structures. However, the water cooled sample microstructure is predominantly a blocky type MA.
This indicates that increasing the sample cooling rate promotes MA formation along with a
transition in MA morphology from slender to blocky. Moeinifar et al. observed the formation of
blocky and slender type MA in an X80 steel; however, it has been suggested that only blocky type
MA forms along the prior austenite grain boundaries [94]. In contrast, the current work indicates
that formation of MA occurs inside the grain as well as along the grain boundary. It is possible the
prior observation of blocky MA forming exclusively at austenite grain boundaries is related to the
higher peak temperatures used by Moeinifar et al. [94].

Figure 7-4 : Optical micrograph showing a higher area fraction of mainly blocky MA in a
1.3 mm thick sample exposed to increased cooling rate following reheating to 710°C

and water quenching (LePera etchant)
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A small and thin sample (with dimensions of 10 x 10 x 1.3mm) was prepared from a
specimen exposed to only the 1st thermal cycle, and reheated to achieve a higher second cooling
rate. The specimen was subjected to a temperature of 710°C in the second thermal cycle and
quenched in water. The LePera etchant revealed a higher percentage of MA (Figure 7-4) in the
structure than the water cooled sample, along with a more blocky appearance.

Quantification of the microstructure following nital etching reveals that the air cooled
samples (cooled from 710 and 750°C) with a 15 mm sample thickness contain 16% and 19%
fractions of MA respectively. On the other hand, the water cooled sample of similar thickness
contains a 20% fraction of MA when reheated to 710°C, versus a 25% fraction when it is reheated
to 750°C. The area fraction of MA is greater in the water cooled sample (experiencing the higher
cooling rate) than in the air cooled sample (lower cooling rate), regardless of the same peak
temperature applied before cooling, suggesting a MA formation depends on the time allowed for
transformation and diffusion. It can also be observed that for both air and water cooled samples,
increasing the second thermal cycle temperature, also increases the area fraction of MA; which is
consistent with literature [75, 100, 157]. By increasing the temperature above Acl, more of the
microstructure will transform into austenite, and so a greater volume fraction of austenite will have
an opportunity to transform into MA.

SEM observation was performed on the MA structures appearing white in the air and water
cooled samples following LePera etching. (Figure 7-5a&b) shows the air cooled and water cooled
samples, in which the MA exhibits a two phase heterogeneity inside the MA grains. It has been
reported that almost 96-97% structures are martensite phase in the MA structure [158]. The
presence of small amounts of retained austenite in MA is also reported by other authors [59, 60,
159]. The formation of carbide inside MA is also reported in some prior work [78, 159]. However,
SEM microscopy does not indicate the presence of carbide inside the MA, since only one heating

and cooling cycle is applied without any holding time to cause tempering.
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Figure 7-5 : SEM observation of MA (a) air cooled (2% Nital) (b) water cooled (2% Nital).

(white arrow indicates a secondary phase inside an MA grain)

The average hardness value of the base metal is 230 £10 HV. The hardness of the ferrite
and DP structure after the 1st thermal cycle is 168.2 £6 HV. For the second thermal cycle furnace
cooled sample there was nearly identical micro hardness obtained 168.5 £8 HV. In contrast, for
the air and water cooled samples there was an increase in hardness, from 168.2 to 182.2 £6 HV,
to 189.7 £3 HV respectively. The water cooled sample MA fraction (20%) is higher than in the air
cooled sample (16%). Based on this it can be noted that with increased cooling rate the hardness
increases, which is expected consider on the increased fraction of high hardness MA regions in the

water cooled specimen [114].

7.3.2 Tensile testing

The base metal yield and tensile strength in transverse direction was found 662 +23 and
770 £4 MPa respectively with an elongation to failure of 21%. Tensile testing was also performed
on furnace and water cooled samples to observe the effect of MA on mechanical properties. The
furnace cooled samples had a yield strength of 370 MPa (at 0.2% offset) and tensile strength of
483 MPa (Figure 7-6). The water cooled samples had yield and tensile strengths of 404 and 525
MPa, respectively, while the elongation to failure slightly decreased from 15 to 12%. Both the
furnace and water cooled samples exhibited yield point elongation (YPE), though the YPE was

smaller in the case of the water cooled sample. However, YPE does not occur in base metal, which
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may relate to dislocation-carbon interactions. Heat treatment may result in the diffusion free
carbon atoms to the dislocations, resulting in the pronounced lower yield point behaviour.
However, there may few free carbon atoms decorating dislocations in the base metal, and hence

no lower yield point was observed.
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Figure 7-6 : Stress-Strain curves for thermally cycled specimens.

7.3.3 XRD analysis

X-ray diffraction analysis was used to investigate the presence of austenite in furnace, air
and water (710°C) cooled samples (Figure 7-7a). The intensity of the counts is normalized based
on the highest peak measured, where each sample had peaks measured to approximately 10,000
counts. The graph shows that the furnace cooled sample does not contain austenite. However, a
peak for the austenite phase is found in the air and water cooled samples, though the percentage is
rather small. The formation of austenite is believed to be due to the high carbon content providing
a stabilizing effect for austenite, along with the lack of martensite nucleation and the volume

constraint from the surrounding matrix [100]. The austenite percentage was determined using XRD
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analysis by comparing the relative peak intensity of the austenite crystal reflection to the ferrite
peak as shown in Chapter 6.

According to calculation, the air cooled sample contains slightly more austenite (0.183%)
than the water cooled sample (0.179%). Narasimha et al. reported that the austenite percentage
decreased in the water cooled sample compared to air cooled sample due to difference in carbon
diffusion [160]. Although, the difference of austenite fraction is low between air and water cooled
specimen, the high intensity counts of ferrite (400000) may suggest that the difference is
significant. Hrivnak and Lambert et al. also reported a decrease of austenite percentage in MA
with an increase of cooling time because of a variation in carbon diffusion [75, 80]. Matsuda et al.
concluded that blocky type MA contains more austenite than elongated MA [60]. It has also been
reported that retained austenite can cause crack initiation and propagation as impurities move to
the periphery of austenite during its growth. It should be noted that a 15°C increase in notch
toughness transition temperature can be found with the presence of 1% retained austenite [80].

Research has shown that precipitation of carbide and ferrite could occur from MA when a
third thermal cycle is used with a peak temperature between 300 to 600°C, and there could be
improvement in toughness [60, 78, 157, 161]. A third thermal cycle could also transform part of
the retained austenite into martensite [80, 159]. To investigate this phenomena, the samples which
were air and water cooled from 710°C were then subjected to tempering for 1 hour at 300°C and
cooled in liquid nitrogen. The motivation behind this third cycle was to temper any martensite
contained within the MA phase regions, and also to fully transform any of the retained austenite
within the MA phase into martensite, carbide or ferrite structures. XRD analysis was used to
investigate the change in austenite percentage in the tempered samples, and this is shown in Figure
7-7b with the intensity peak of the counts normalized. The graph illustrates that although austenite
is present, the fraction in both air (0.09%) and water cooled samples (0.14%) are reduced. It has
been reported that austenite islands smaller than 1 um will remain as austenite even at fast cooling
rates [7, 162] and thus part of the MA regions in the air and water cooled samples might transform
into martensite, cementite or ferrite [80]. XRD results confirmed carbide (©) formation in water
cooled specimen (Figure 7-7b), although this was not evident in air cooled specimen. However,
SEM investigation of the tempered air cooled sample shows the precipitation of carbide inside the
MA grain, as shown in Figure 7-8. However, it is difficult to confirm the presence of martensite

and austenite inside the MA,; and so the hardness of the air cooled sample was measured for before
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and after tempering the air cooled sample. The tempered air cooled sample (186.8 to 192.8 HV)
was found to be harder than the air cooled sample (177.6 to 186.9 HV) with a 95% confidence

level, suggesting that part of the austenite transforms into martensite.
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Figure 7-7 : XRD analysis a) after 2nd thermal cycle b) after a 3" thermal cycle

Figure 7-8 : Evidence of tempered MA after 3 thermal cycle, arrows indicating the presence
of carbides within the MA region (2% Nital).
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7.3.4 Carbon mapping within MA regions

Carbon mapping confirmed a higher carbon content in the MA regions than in the
surrounding ferrite matrix for both air and water cooled samples (Figure 7-9b&d). Josefsson and
Okada et al. both reported that MA contains a higher percentage of carbon (1.14 & 1.5wt%
respectively) than the surrounding ferrite matrix and this carbon percentage increases in MA with
an increase in cooling rate [60, 152]. High concentrations of carbon in the MA are also reported
by others [38, 71]. The air cooled sample carbon mapping also revealed that the MA regions can
be connected to each other (Figure 7-9a), a fact also observed in other work [129]. This connected
structure can lead to poor toughness, since it can provide a path for easy crack propagation. Several
small and medium sized MA grains (1 to 4 pm in length, 0.5 to 2 pm in width) were also observed
in the air cooled sample (Figure 7-9a). The MA grains in the water cooled sample are much larger
(8.5 um in length, 1.7 um in width) (Figure 7-9c¢). It can be noted in Figure 7-9b that the finer MA
grains in the air cooled sample contain scattered pockets with a high carbon concentration within
the MA, along with the appearance of the small islands observed inside the MA in Figure 7-5. It
IS suggested that these relate to austenite since it has been reported that austenite usually contains
a high percentage of carbon, which is greater than in the martensite portion [75, 77, 163].

Based on the mapping results, it appears that the enriched carbon locations are not detected
within the larger MA grains (Figure 7-9d), and this is consistent with reports that the austenite is
enriched in carbon, and the portion of austenite will decrease when MA size increases [100]. The
presence of packets of austenite inside the MA was investigated further using TEM considering
this observation. Although some studies argue that silicon and niobium might facilitate the
formation of MA, enrichment of these elements in the MA was not observed in this study [91, 129,
157, 159].
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Figure 7-9 : (a&b) SEM images and Auger carbon mapping in air cooled MA (c&d) SEM
image and Auger carbon mapping in water cooled MA (Blue to green and red is

increasing order of carbon)

7.3.5 TEM analysis of MA

TEM analysis was performed to further characterize the martensite and austenite regions
inside the MA. Formation of retained austenite along the periphery of the MA grain with martensite
at its centre has been reported [75], however small austenite islands within [78] and scattered
throughout the MA grain have also been observed [77].

In the present investigation, all furnace, air and water cooled samples were investigated
using TEM. The results confirm that the furnace cooled sample does not contain any MA, while
multiple MA structures were identified in air and water cooled samples. Figure 7-10 showed
slender and blocky MA formation in water cooled sample. The bright field image from one of the
small blocky MA grains in the water cooled sample is shown in Figure 7-11a. Electron diffraction

patterns from the MA grain in Figure 7-11a suggest the presence of a BCC structure (martensite)
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with (211) and (310) reflections (Figure 7-11b). From the dark field image (Figure 7-11c), it can
be clearly seen that there are multiple martensite laths with a high dislocation density inside the
MA. Retained austenite typically has lower dislocation density than ferrite or martensite or bainite
[78, 98]. The presence of a high fraction of martensite is also supported by the SEM observation,
XRD patterns, and carbon mapping. Twinning was also observed by TEM inside some MA grains,
and this characteristic is associated with plate martensite [78].

Martensite lath

Dislocation
L X

5 1/nm 4 0.2 pm

Figure 7-11 : (a) Bright field image of MA (b) SAD pattern from MA (c) dark field image
(using 121 spot)
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7.3.6 Charpy impact toughness

The Charpy impact testing was performed at -100°C and -45°C for the as-received base
metal, and heat treated samples (furnace, air and water cooled) in order to evaluate their fracture
behavior, as shown in Figure 7-12a. The as-received base metal has an average impact toughness
energy of 250 J at -100°C. The furnace cooled samples showed an average impact toughness of 42
J, whereas the air and water cooled samples exhibited 12 J and 6 J, respectively at -100°C. The
presence of MA has a significant effect on lower temperature (brittle fracture) toughness. The
small difference in the MA fraction between the air and water cooled samples might lead to the
difference in lower temperature toughness. At -45°C the base metal showed an average impact
toughness of 313 J. However at —45°C, the furnace and air cooled samples exhibited a similar
average impact energy (approx. 410 J) while the water cooled sample had a lower average impact
energy (349 J). A high percentage of MA and blocky MA might lead to deterioration of toughness
in the water cooled sample at -45°C.

It is interesting to find that the average impact energy of all the heat treated (furnace, air,
and water cooled) samples at -100°C is much lower than the base metal. However, at -45°C, the
heat treated samples showed a much better toughness energy than the base metal. Moreover, there
is a significant improvement in toughness for heat treated samples when the test temperature
increases from -100°C to -45°C. This explained by a difference in the DBTT (Ductile to Brittle
Transition Temperature) for the base metal versus heat treated samples. When considering a test
temperature of -100°C, the heat treated samples exhibited very low toughness, since they comprise
coarse grains of mainly ferrite with small fraction of MA. However, at a temperature of -45°C the
softer heat treated samples dominated by the coarse and ductile ferrite grains provide better
toughness since this is likely above the DBTT (compared to the brittle results at -100°C). This
indicates that at lower temperatures (-100°C) MA plays a more significant role in toughness.

As MA has a significant effect in low temperature toughness, only the -100°C impact
toughness specimens were selected to further assess the fracture behavior. For example, it can be
noted in Figure 7-12b that at -100°C the furnace cooled sample deformed more during the impact
toughness test compared to the air and water cooled samples. This is consistent with higher impact
energy, while there is negligible bending in the air and water cooled samples since their impact

energy values are comparably low.
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It is widely recognized that finer grain size can lead to improved toughness at low
temperatures [39, 59, 164, 165]. However, the presence of MA can have a deleterious influence
on impact toughness [59, 157]. For comparison, the ferrite grain size of the furnace, air and water
cooled samples were an average of 14, 12 and 11 pm respectively. Despite the finer grain size in
the water cooled sample, it produced the lowest impact toughness energy, which confirms that the
MA plays a more significant role than the grain size variation observed here, and this is consistent
with other recent findings [157].

The MA regions are considered to be a brittle structure compared to the ferrite grains [80]
and their influence on the toughness of a weld inter-critical coarse-grained HAZ depends highly
on the size and volume fraction of MA in either a bainite or ferrite matrix [71, 129]. An increase
of MA volume fraction, has been associated with a toughness decrease [134]. It has been also
concluded that blocky type MA impairs the toughness more severely than the slender type [80,
114, 129, 157]. Other researchers also find that higher hardness occurs with larger MA, which is
the main factor for inter-critical coarse-grained HAZ brittleness observed in Gleeble thermal
simulations of submerged arc weld metal [91, 166]. Crack initiation energy and crack propagation
energy for blocky type MA is significantly lower than slender MA [167]. Moreover Chen et al.
reported that the larger the size of MA, the less load is required to form a crack by the ferrite
surrounding the MA grain [99].

In addition, formation of MA along the grain boundary has a deleterious effect on impact
toughness [129] since cleavage cracks do not deflect at the ferrite-MA interfaces or within the MA
[59]. It has been also reported that MA and ferrite can have the same crystallographic orientation,
which can facilitate cleavage crack propagation [168]. All these factors indicate that the presence
of MA in air and water cooled samples leads to poor toughness at low temperatures. The higher
percentage of MA and blocky MA in the water cooled sample leads to lowest toughness.
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Figure 7-12 : (a) Charpy Impact energy comparison at -100°C and -45°C. (b) fractured
samples at -100°C.

7.3.7 Fracture surface observation

The Charpy impact specimen fracture surfaces for all specimens revealed brittle fracture
in all cases (Figure 7-13). For example, SEM observation of the fractured furnace cooled sample
indicates cleavage fracture (Figure 7-13a&b). The air and water cooled samples also show
cleavage fracture; the presence of small particles with sizes 0.2 to 5 pum could be noted on these
surfaces (Figure 7-13c&e). These features are similar in size to the MA grains observed in these
air and water cooled microstructures. A larger number of small particles was observed on the
fracture surface of the water cooled specimen compared to the air cooled sample. The air and water
cooled fracture surfaces also contained small cavities in the size range of 0.2 to 5 um (Figure
7-13d&f). The number of these cavities is also higher in the water cooled sample. Moreover, river-
like patterns Figure 7-13e are observed to be radiating from one single point, and there are number
of particles around this point which are similar to the size of MA regions. This feature has been

reported by several researchers as a crack initiation point attributed to MA phases [8, 71, 114].
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Figure 7-13 : Fracture surface observations using SEM, showing (a,b) furnace cooled sample,

(c, d) air cooled sample, and (e,f ) water cooled sample.

It is suggested that the particles and cavities observed in Figure 7-13c-f, relate to debonding
of MA, and the area fraction of these features can be compared to the MA fraction observed by
LePera etching. Based on the image analysis of the fracture surfaces, the debonding features
covered areas of 0.22% and 1.73% for air and water cooled sample respectively. Note these
percentage values are rather low, however of course not all MA regions will necessarily undergo
debonding. The relative rate of this mechanism is consistent with the lower facture toughness in
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the water cooled sample. Considering all these phenomena, it can be said that the MA is likely
debonding from the microstructure and contributing to low toughness, particularly in the water
cooled sample. This debonding mechanism has been shown schematically and described in other
works involving fracture surface analysis [8, 114].

It should also be noted that the water cooled sample contains a higher percentage of total
MA, especially that of the blocky morphology, which would account for the lower impact energy
[169]. Chen et al. [99] observed high stress concentrations in the ferrite matrix surrounding MA
and noted only a small load was required initiate microcracks at the MA/ferrite interface.
Montermarano also observed crack nucleation in MA/ferrite matrix interface [170], which was
also schematically explained by Davis and King [8]. Furthermore, in cleavage fracture, it has been
observed that tri-axial stresses may promote interlinking and void formation around MA, and lead
to propagation of cleavage cracks [99]. Yoneda and Nakanshi et al. also reported that MA was a
crack initiation point and would also propagate the crack [99, 167]. To evaluate these mechanisms,
the water cooled fracture specimens were cross-sectioned and metallographically examined around
the crack surface. Numerous small cracks were observed close to the fractured surface in optical
microscope and SEM (Figure 7-14a&b).

/

Primary Fracture

Figure 7-14 : Cross-sections near Charpy fracture surfaces in a water cooled sample,

observed using (a) optical, and (b) SEM microscopy.

The use of LePera etchant reveals that cracks initiate from the MA in the ferrite matrix
(Figure 7-15a). Moreover, the blocky type MA seems to initiate the crack rather than the slender
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MA. Some cracks have also been observed going through blocky and slender MA, which indicates
that this MA phase is very brittle and can break easily (Figure 7-15b). Davis et al. schematically
showed that MA brittleness and determined it to be a source of crack nucleation [8]. Hence, a
combination all of above mechanisms (debonding, brittleness & crack initiation) for MA lead to
poor toughness in the air and water cooled sample. Therefore, the higher percentage of blocky MA

in the water cooled sample is correlated with the lowest impact toughness.

(b) : )
. \ X\
-~ Breaking of
MA 20 um

Figure 7-15 : (a) Crack initiation from MA/ferrite interface and partially through a ferrite
grain (LePera etchant) , and (b) fracture through MA constituents (2% Nital)

7.4 Summary

Controlled thermal cycling of an X80 pipe steel was used to establish the influence of varying
cooling rates on the fraction and morphology of MA and its effect on mechanical properties.
Double thermal cycles consisting of the same initial Tp =1000°C and air cooling were then
intercritically reheated and subjected to different cooling conditions (water, air and furnace). It

was found that:

1. Furnace cooled samples do not lead to MA formation. However, with the increase of
cooling rate the MA fraction increase and change its morphology from slender to blocky
(coarser). Grain boundary MA, intergranular MA as well as inter connected MA is found

in the structure.

140



2. The water cooled sample exhibited a high hardness and tensile strength compared to the

furnace cooled sample due to contribution of a high fraction of MA.

3. Quantification showed the percentage of austenite is very small in MA structure compared
to martensite in both air and water cooled sample. However, the furnace cooled sample

does not contain austenite.

4. The higher cooling rate restricts the carbon diffusion and leads to MA formation. Carbon

mapping showed the MA contains higher carbon content than surrounding ferrite matrix.

5. The furnace cooled sample showed better impact toughness than the air and water cooled
samples at -100°C. Water cooled sample provided the lowest toughness at both temperature
(-100°C and -45°C). MA has deleterious impact in the air and water cooled sample by
affecting the structures debonding, brittleness and crack initiation mechanism at -100°C.
The higher MA fraction and blocky (coarser) MA in water cooled sample resulted in the
lowest toughness.

This results in this chapter clearly reveal that a higher MA fraction and coarser MA lead to
detrimental toughness properties. However, the reasons for contradictory results in literature were
not clear. Hence, an effort has been performed to combine different results of toughness from
numerous study on MA which is focused to analyze MA impact on toughness. The toughness
which was performed at temperature -20°C was taken for compiling the information [12, 73, 126,
128, 171-173]. An impact toughness lower than 20 J at test temperature -20°C considered “Failure”
while more than 20 J is consider “Pass”. The data was collected from recent publication which
used HSLA steel (X70, X80, X100) for study. Figure 7-16 represents the summarization the data
that was compiled.
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Figure 7-16 : Peak temperature, cooling rate and MA fraction correlation to toughness
properties (at -20°C) [12, 73, 126, 128, 171-173]

The Y-axis in Figure 7-16 represents the represents second thermal cycle cooling rate while
the X-axis is peak temperature in the second thermal cycle. The contour provides the fraction of
MA formed in different second thermal cycle peak temperatures and cooling rates. The box with
green and red colours represents the data collected from different research which reported
toughness test at -20°C. The “black” dots in Figure 7-16 represent the data for which toughness
tests were not performed.

The graph suggests that a 740-810°C (which is typically austenite transformation start
temperature) temperature range with critical cooling rate of 10°C/s is detrimental to toughness
properties. In this range of thermal conditions, a 6 to 12% fraction of MA can occur, however
cooling rates between 5 to 10°C/s are not detrimental while lower cooling rates lead to poor

toughness properties.
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It has can be observed that an intermediate cooling (18-42°C/s) rate may lead to the
formation of highest fraction of MA with peak temperature 775-825°C; although it is a
extrapolation of the data. In addition, it can be observed that a higher fraction of MA also
associated with very slow cooling rate between 2-3°C/s when peak temperature is between775-
825°C.

A general conclusion can be reached to correlate peak temperature, cooling rate, and MA
fraction to toughness properties. The MA distribution for the cooling rates 5-10°C/s containing 1
to 8% MA may produce better toughness properties for intercritical temperatures between 760-
860°C.
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Chapter 8 : Conclusions

In conclusion, this work was focused to study MA constituents internal structure, size, fraction,
morphology and distribution effect on tensile strength, ductility and toughness. It was observed
that variation of MA constituent fraction, size morphology and distribution, control the mechanical
properties.

The MA constituent internal structure (Martensite-Austenite relative position) vary in the
studied X80 material, however they are dominant in martensite structure while contain only a small
percentage of austenite. Untempered MA constituent hardness is significantly higher than ferrite
matrix. However, tempered MA constituents hardness is lower than untempered MA. The
difference in hardness was attributed to the carbon content of MA constituents. Dislocation activity
is observed inside and around MA.

A higher fraction with a coarser size usually leads to higher strength, while a higher MA
fraction causes a loss in ductility. A more uniform and finer size MA distribution is more beneficial
to strength and ductility by providing dispersion strengthening of the structure. Given similar
fraction of MA in two structures, the one with coarser MA structure will provide inferior tensile
properties.

The MA/ferrite interface was prone to void formation. A higher fraction of MA lead to higher
fraction of void formation and coalescence of those voids lead to loss in ductility. Coarser MA
produces more stress concentration in surrounding matrix, hence more prone to void formation.
Void initiation has been observed at the start of plastic deformation. It was confirmed by simulation
that strength mismatch between MA and ferrite lead to higher stress concentration in MA/ferrite
interface which is the primary cause of void formation. The stress concentration has been also
observed in sharper edges of MA/ferrite interface. It was also observed from experimental and
simulation results that coarser MA is more prone to form premature void in comparison to small
size MA.

An optimum tempering cycle has been observed to temper detrimental coarser MA and
may reduce the dislocation around MA. Optimum temper cycle prevents the formation of
premature void formation from MA/ferrite interface and there was improvement in strength and

ductility. The fracture shift from HAZ to base metal after specimen was subjected to tempering
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cycle. That suggests that tempering cycle can be used to get rid of detrimental MA and thereby
improve mechanical properties.

MA constituents have a deleterious effect on toughness. A higher fraction of MA and coarser
MA causes a loss in toughness. Based on the observations of fractured impact test specimens, it
could be observed that MA constituents initiate cracks, debond frequently from the structure which

accounts for the significant influence on toughness.
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Recommendations and opportunities for future
research

The toughness tests performed in the current study are not representative of actual welds since
the tests were performed in furnace where a very slow heating is performed. Toughness specimens
should be produced using Gleeble simulator and the role of MA constituents and their distribution
on toughness should be studied. This would provide a study of more localized properties and would
be more representative of an actual weld.

The intercritical peak temperature potentially can effect austenite transformation and prior
austenite grain size which may have influence on MA formation; hence different intercritical
temperature can be used for future study to observe the intercritical temperature effect on
toughness.

It has been observed in current study that grain boundary and tri junction is potential location
for MA nucleation, which essentially weaken the grain boundary or tri-junction. The reason for
MA nucleation in those location can be explored. It will open the research to control the welding
parameter to obtain different MA structure and formation location thereby improve the toughness
properties

The effect of MA fraction, size, distribution and morphology effect should be confirmed in
another pipeline alloy which potentially produce a different MA structure (dominant in austenite).
These microstructural characteristics are closely controlled by the thermodynamic driving force
for MA formation, and this is closely coupled to the chemistry of the material. Conducting a
sensitivity study relative to the alloy chemistry has the potential to reveal possible trends in
alloying elements versus MA formation rate, thus can potentially provide some guidelines

regarding future pipeline alloy development for better toughness.
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