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Chapter 1

Introduction

1.1 Perspective of energy

Hydrocarbons transformed promptly into the primary energy source of modern
civilisation used to generate electricity, fuel for transportation, fertilisers in
agriculture and even to produce clothes!l. However, hydrocarbons are a source of
energy that is finite. After Marion King Hubbert modelled the peak oil in 1956, the
world concern has been to stretch the bell-shaped curve (Hubbert curve)2>. Delaying
the peak of production allows the provision of energy in a world that continues to
grow in population.

Increasing oil and gas extraction has evolved from conventional to offshore and shale
techniques. Even exploration has reached remote regions such as The Artic®"10. The
US Geological Survey (USGS) estimates that around 22% of the world's undiscovered
energy is in that region®. Furthermore, that region represents technical challenges due
to extreme weather conditions and infrastructure investment. Also, the possibility of
a spill has stopped hydrocarbon exploration in the Arctic due to the Deepwater
Horizon Oil spill in the Gulf of Mexico in 2010611,

During the last decade, shale extraction has mainly increased oil and gas production
in The United States. Consequently, shale technology enabled the United States to
become the largest producer of oil and gas in the world2. The U.S. Energy Information
Administration published in 2020 the future of US energy production in the next 30
years13. Figure 1 shows the growing tendency of natural gas, while renewables are
increasing in production. Furthermore, renewables need backup energy to cover the
variability of electricity generation because of weather conditions, the primary source
of which is natural gas4.

1.2 Natural gas

In the last decade, the significant increment in natural gas extraction changed the US’s
position as a net natural gas exporter. That lends an essential competitive advantage
to the industry through a drastic decrease in market price!2. Figure 2 illustrates the
natural gas trade; exportations to Mexico are the result of pipeline infrastructure
developing mainly in the Gulf of Mexico; after 2030, exportations will stabilise due to
an increment in domestic production!3.
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Figure 1 Expectative of energy production in the US 13,

In contrast, China's dependence on hydrocarbons is significant, importing 70% Oil
and 43% natural gas. Those energy sources are crucial in managing strategies and
national security. The growth of the average annual consumption of natural gas is
estimated at 5.7% (2020-2030), 2.7% (2030-2040) and 0.7% (2040-2050). The Silk
Road Economic Belt initiative will access energy in the Middle East, Eastern Europe
and Africa, increasing trade in those countries!>17,

Natural gas trade (AEQ2020 Reference case)

2019
history | projections

trillion cubic feet

liquefied natural
gas (LNG)
exports

pipeline exports to
Mexico

Canada

pipeline imports
from
Canada

2000 2010 2020 2030 2040 2050

Figure 2 US natural gas trade 13.

1.3 Pipelines

Pipelines are the most efficient form to transport an array of substances such as oil,
natural gas, water and chemicals. In the beginning, it needs a high investment due to
steel price and installation, which also, could increase the project cost depending on
the geographical areal8. However, the life period is more than 40 years with no critical
maintenance issues. Typically, natural gas and oil tubes are among the longest
pipelines installed, spanning entire countries and, in some cases, even continents. For
example, the infrastructure project which connects Russia and China with 5 111 Km
of pipeline from Siberia to Shanghail®. Thus, some of the challenges associated with
these great lengths in pipelines, particularly in earthquake-prone areas and arctic
regions?0.
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In North America more than 5.5 million kilometres of pipelines in service are
distributed as follows: The United States (4,827,000)21, Canada (830,000)22 and
Mexico (68,843)23. Infrastructure projects continue to increase on an annual basis. In
2019, The United States grew between 16 to 17 BCF per day in natural gas capacity
with 134 projects, of which 40% of the new projects were located in the South-central
region (Figure 3)24.

Natural gas pipeline capacity added in 2019 from selected regions CIKE?
billion cubic feet per day

12 within South Central
{ in service
10 under construction
within Northeast
in service
under construction

within Mountain
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Source: U.S. Energy Information Administration, Natural Gas Pipeline Projects Tracker
Note: Projects labeled as in service are in service as of November 1.
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Figure 3 Natural Gas Capacity added in 2019 in pipelines24.
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Source: U.S. Energy Information Administration, About U.S. Natural Gas Pipelines

Figure 4 U.S. Map intrastate and interstate natural gas pipelines 21.

24



The consequences of pipeline failures are usually severe, and the impact of these
failures can be economical, environmental, and even human loss. The Pipeline and
Hazardous Materials Safety Administration (PHMSA) identifies the causes of these
failures associated with material welding and corrosion, with 43% and 17% as the
leading causes of pipeline incidents between 2009 and 2018 25. Causes of material-
welding issues can be attributed to various factors, such as defects and impurities
present in the metal, the chemical composition of the materials, and the welding
techniques utilized. Corrosion issues are related to thinning on walls due to chemical
reactions with environments. Preferential Weld Corrosion (PWC) is one of the most
critical issues which affect pipelines 2¢. Preferential corrosive attack in welding
appears where there are differences between the base and weld material, such as
composition and microstructure (including differences in Heat Affected Zone (HAZ)
microstructure)?627, An example of such a catastrophe appeared on May 19, 2015, in
Refugio, California. A failure in the pipeline resulted in 100,000 gallons of crude oil to
spill, killing hundreds of animals in the affected zone. The company was fined 100
Million USD; in this failure, PHMSA reported advanced corrosion in the pipelines, with
a 74% reduction of original thickness in some areas 2829 In this event, the criticality
of the pipes is demonstrated both safety and environmental issues.

1.4 Microalloyed steels

The expansion in microalloyed steels started in 1973 with the OPEC oil embargo.
Scarcity and increases in oil prices result in the exploration of hydrocarbons outside
the Arabian Peninsula. In this situation, pipelines were critical to transport oil and gas
from stable regions to the market. In those circumstances, oil companies demand the
highest yield strength to explore and produce in the most elevated corrosive
environments and extract hydrocarbons to greater depths under the sea. In 1970,
heat treated steel was the majority of high strength material; however, it was
insufficient to meet the new demand. Existing hot rolled steels had low yield strength,
API X50-X60 (oyp 350 - 420 MPa). Two characteristics must be necessary to improve
steel strength. First, high levels of refinement, beginning with austenite at the
temperature of transformation3?. Second, low temperature products are required in
the cooling process to achieve high strength levels, such as non-polygonal ferrite,
acicular ferrite, bainite and martensite 3°. To control the cooling temperature in hot
lamination, the runout table water spray is decisive in obtaining high strength steels
30, Besides grain refinement and transformation products, precipitation hardening is
fundamental in microalloyed steels 39,

Microalloyed steels use a reduced amount of microalloying elements from 0.10 up to
0.15 wt %, which are titanium, vanadium and niobium 30, Adding microalloying
elements is necessary to ease the dispersion of precipitates and refine grain
microstructure 31. Suppressing recrystallisation and elevating dislocation density are
advantages of precipitation of Nb, V, and Ti carbonitrides 31. Table 1 shows the effect
of mean microalloyed elements and %wt.
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Table 1 Effect of principal microalloyed elements 31.

Element wl % Effect
= <0.25 Strengthener
Retards the austenite decomposition during accelerated cooling
Mn 0.5-2.0 Decreases ductile to brittle transitions temperature
Strong sulfide former
Si 0.1-05 Decﬁrmdlzerl in molten steel
Solid solution strengthener
Deoxidizer
Al <0.02 i . . L
Limits grain growths as aluminum nitride
Nb 0.02-0.06 Very strong ferrlte stl:englhener as n.loblum carbides/nitrides
Delays austenite-ferrite transformation
Ti 0-0.06 Austen.i_le grain control by titanium nitrides
Strong ferrite strengthener
A" 0-0.10 Strong ferrite strengthener by vanadium carbonitrides
7r 0.000-0.05 Austenite grain size control
Strong sulfide former
N <0.012 Strong former of nitrides and carbonitrides with microalloyed elements
Mo 0-0.3 Proglotes bainite formations
Ferrite strengthener
Ni 0-0.5 Increase fracture toughness
Improves corrosion resistance
Cu 0-0.55 F!
Ferrite strengthener
Cr 0-1.25 In the presence of copper, increase atmospheric corrosion resistance
B 0.0005 Promotes bainite formation
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1.5 Scope of this thesis

The most susceptible locations for failure in large diameter transportation pipes are
the weld metal and Heat Affected Zone (HAZ)33. This project will analyse the Heat
Affected Zone. The HAZ mechanical properties have a substantial role in the
functioning of the welding joint 33. While the weld metal exhibits a strength mismatch,
the HAZ and base metal originate strain concentration focused in the zone with the
lowest strength 33. The lowest strength zone is related to softening phenomena and
brittle fracture. HAZ softening is influenced by martensite tempering. A lower
quantity of heat input in welding promotes stabilisation of coarse austenite-
martensite regions and restricts the embrittle grain boundary precipitates forming?33.

The present work consists of the study of Heat Affected Zone in X80 pipeline steel
which was processed through Submerged Arc Welding. This steel contains a
significant amount of niobium, approximately 0.094%, and has a carbon content of
0.06%. The pipeline is installed in the states of Wyoming, Colorado and Kansas with
410 miles 343>, The microstructure evolution and mechanical properties' impact can
be evaluated by utilising a thermomechanical simulator to reproduce various
austenitisation temperatures and cooling rates. By examining these parameters, it
becomes possible to observe the heat-affected zone's effect under similar conditions.
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1.6 Aims and Objectives

The aim of this project is to assess how the resulting microstructure and mechanical
properties in an X80 pipeline steel are affected by cooling rates and prior austenite
grain size. The austenitisation time will exceed previous research in order to ensure
a homogeneous temperature distribution throughout the sample. The use of these
parameters will enable us to observe any potential behaviour in the Heat Affected
Zone. The aim is subdivided into the following objectives:

1.

Investigate the influence of cooling rate, the solubility of niobium and prior
austenite grain size on the decomposition Kkinetics and the following
microstructures and subsequent mechanical properties. This will be compared
when all the niobium are in solution.

The transformation kinetics and austenite of a material will be studied using a
Gleeble simulator and thermomechanical machine to perform the heat
treatments. The cooling rates will be adjusted between 0.5 and 50 °C/s during
the heat treatments to investigate how the material behaves and to gain insight
into its properties under different conditions. Precise control and
measurement of temperature and mechanical properties will be ensured with
the help of the experimental setup.

The microstructures resulting from the experimental procedure will be
analysed using several methods, including optical microscopy, scanning
electron microscopy (SEM), and electron backscatter diffraction (EBSD). To
evaluate the nano precipitates, transmission electron microscopy (TEM) will
be utilised.

To determine how microstructure impacts the mechanical properties of the
material, it will conduct Vickers microhardness, tensile, and Charpy testing.
These tests will allow to assess how the microstructure affects the properties
of the material and provide valuable insights into the relationship between
microstructure and mechanical properties

28



2.1 Phases and structures

Chapter 2

Background

Different microstructures and mechanical properties appear during the steel
manufacturing. By adjusting the heating, holding time, and cooling rates during
processing, it is possible to produce different types of microstructures. All heat
treatments of steel are based on the iron-carbon equilibrium phase diagram. The
iron carbon equilibrium diagram shows the ranges of temperature and
composition where different phases in steel are in equilibrium, and it also shows
the limits that define the transitions between those phase fields (Figure 6)3¢.
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Figure 6 Iron carbon equilibrium diagram up to %C 6.67 wt. Fe-Fe3C diagram is
indicated by solid lines and iron graphite diagram appears in dashed lines 37.
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While the iron carbon equilibrium diagrams are used in stable conditions, the
Continuous Cooling Transformation diagram (CCT) is utilised at different
temperatures of cooling. CCT diagram is a graph that represents the relation
between temperature, cooling rates, and the austenite transformation into variety
of microstructures (such as ferrite, pearlite, bainite and martensite) in a steel
alloy. CCT diagrams are used to define the appropriate cooling rate to obtain the
desired microstructure and mechanical properties. The diagram illustrates the
temperature at which the transformation begins and finishes (Figure 7) 38.
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Figure 7 CCT diagram and isothermal transformation of steel containing 0.4%C,
0.2% Mo and 1.0% Cr 37.
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2.2 Phase Transformation

2.2.1 Transformation Mechanism

An array of mechanical properties in iron alloys are influenced by atomic
distribution in different phases. The atomic crystal partition can be changed by
displacive transformation and reconstructive transformation. In the displacive
mechanism, the alteration of crystal structure affects the macroscopic form in the
specimen when the latter is unconstrained. The shape deformation through the
transformation in a constrained way is organised by a plastic and elastic
combination of strains. Resultant phase growth occurs in the shape of thin plates
to achieve strain decrease. As a result, the atoms change their position in a

coordinated movement occupying a new place in the surrounding matrix (Figure
8)3°.

Atom diffusion leads to reconstructive transformation, which produces a new
structure of crystals. During alloy transformation, diffusion guides the solute
redistribution (among phases). The matter flow could prevent any shear
constituent of the shape deformation, making only the volume modification as an
effect. The diffusion process consistently leads to solute redistribution among
phases with a whole free energy decrease (Figure 9)3°.

The retardation of displacive transformation occurs as a consequence of
dislocation debris or also called mechanical stabilisation. There are two
characteristics which explain the reason that mechanical stabilisation is the only
feature of displacive transformation:

e Plastic deformation cannot generate a delay in reconstructive
transformation by any mechanism. While reconstructive transformations
accelerate austenite defects.

e Mechanical stabilisation only occurs in displacive transformations.
Because this mechanism is connected with a glissile interface, which
restricts movement in a matrix which includes an array of dislocations or
other defects.
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Figure 8 The principal mechanisms of phase transformations: reconstructive and

displacive3?.

Figure 9 Fundamental features in steels transformations mechanisms3°.
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2.2.2 Ferrite

The carbon iron alloys will form proeutectoid ferrite below equilibrium
conditions, up to 0.8% C contents. At 910°C, the reaction occurs in pure iron, while
in iron-carbon alloys occurs between 910°C and 723°C. However, the ferrite could
form at low temperatures till 600°C when the material is quenched from austenite
to temperatures down the Aei (eutectoid temperature). Lower transformation
temperature produces high morphological changes#0.

Due to different changes in the transformation behaviour of carbon steels, Dubé3®é
suggested a morphologies classification of ferrite, which occurs when the
temperature transformation of y/a is lowered. Dubé3® classified the next four
morphologies (Figure 11):

Grain boundary allotriomorphs, the nucleation of these crystals occurs in
the grain boundaries of austenite. This morphology is characterised by
lenticular or equiaxed shape (Figure 11-a)3e.

Widmanstatten side plates. The nucleation takes place in the austenite
grain boundaries in a primary way (Figure 11-b1). However, secondary
side plates can also initiate growth through the allotriomorphic grain
boundary (Figure 11-b2). Figure 11-c shows another variation of
Widmanstatten, saw teeth which are characterised by more triangle
semblance. These morphologies can nucleate on grain boundaries or also
into allotriomorphic grain boundaries3®¢.

Intragranular idiomorphs: the nucleation of these microstructures is
formed within austenite grains or in the grain boundaries characterised by
equiaxed crystals (Figure 11-d)3e.

Intragranular plates. The growth of these plates is similar to those which
nucleate in the grain boundaries, however, nucleation occurs completely
into the y grains. (Figure 11-¢e)36.

idiomorphic
ferrite

allotriomorphic
ferrite

austenite grain boundaries

Figure 10 Representation of allotriomorph and intragranular idiomorphs ferrite

41,
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(1) (2)

Figure 11 Classification system of Dubé used to describe ferrite morphologies3.

2.2.2.1 Effect of cooling rate on ferrite morphology

Austenite decomposition affects the restriction of atom movement with the
reduction of transformation temperature. This results in the formation of different
ferrite morphologies besides an array of microstructures. To obtain the
rearrangement of iron atoms from the austenite phase to equiaxed ferrite is
necessary to increase the temperature. At the same time, when the temperature is
increased is produced a movement of carbon atoms by diffusion. At medium
temperatures of cooling, interstitial carbon atoms keep good mobility, but the iron
atoms start in a sharply slow motion. At these cooling temperatures, to form no
equiaxed crystals of ferrite requires a small reorder in ledges of ferrite/austenite
or mechanism of shear. At low temperatures, iron and carbon atoms cannot
diffuse; consequently, the martensite forms directly through austenite
transformation by shear. Figure 12 represents changing of microstructures
depending on cooling rate and temperature decrease3®.
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Figure 12 Initiate transformation temperatures depending on a) cooling rate, b)
curves of austenite decomposition products in Fe - 0.01% alloy3®.
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2.2.2.2 Classification systems for ferritic microstructures.

Low carbon steels have obtained significant attention in recent years because
during the austenite decomposition is formed different ferritic microstructures.
These morphologies are obtained with the modification of cooling rates and
isothermal holding time at intermediate transformation temperatures. Table 2
illustrates the classification of The Iron and Steel Institute of Japan (ISI]) Bainite
Committee3®.

Table 2 ISIS] Bainite Committee classification for different ferritic
microstructures3e.

Symbol Nomenclature Symbol Nomenclature

Io Major matrix phases IIo Minor secondary phases

dp Polygoual ferrite Y, Retained austenite

Oy Quan-pongonal a MA Martensite-austenite constituent
Oy Widmanstitten o a’M Martensite

u% (G{'al.u"lal' b?"““c) a ATM Autotempered martensite

af Bainitic ferrite B BIL, B2: upper bainite

o’m Dislocated cubic martensite Bu: upper bainite
B, : lower bainite
P Degenerated pearlite
P Pearlite
(S} Cementite particle

2.2.2.3 Polygonal or Equiaxed Ferrite

This microstructure is a proeutectoid ferrite. In low carbon steels, polygonal
ferrite appears at elevated austenite transformation temperatures and slow
cooling rates. The nucleation of ferrite grains grows through boundaries of
austenite grains until equiaxed grains are shaped. The prompt substitutional atom
must control polygonal ferrite growth because the substitutional atoms are
transferred through the austenite-ferrite interface. And, the carbon atoms
diffusion is rejected by the growing ferrite. Figure 13-a represents polygonal
ferrite in HSLA steel; the ferrite grains are equiaxed and divided by uninterrupted
linear boundaries. Martensite appears in dark zones shaped by the untransformed
austenite (during quench) occurring after 500s of holding36.

2.2.2.4 Quasi-Polygonal or Massive Ferrite

To have a microstructure change from temperatures where the austenite phase is
stable to stable ferrite without composition alteration, it is necessary for high
cooling rates in low carbon steels. High cooling rates impede carbon portioning
through the austenite to ferrite transformation. Also, rapid cooling rates produce
coarse ferrite grains; hence, this ferrite is known as massive ferrite. Furthermore,
the transformation which originates the coarse ferrite is known as massive
transformation. Massive ferrite implicates a crystal structure change (from fcc to
bcc); in the transformation, atoms move from austenite to ferrite interfaces3e.
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Figure 13-b illustrates ultra-low carbon steel with massive ferrite. This structure
shares some similarities with polygonal ferrite, such as harshly equiaxed, coarse
grains, and their grain limits intersect the limits of austenite prior grain
boundaries. Moreover, massive ferrite grain boundaries are irregular, and a
substructure in the etching is observed in the grains. Quasi polygonal ferrite, aq,
was defined by ISI] to distinguish between massive and polygonal ferrite3®.

A
20 um

Figure 13 a) Polygonal ferrite transformed isothermally during 500s at 675 °C in
an HSLA steel.  b) Quasi polygonal ferrite shaped in ultra-low carbon steel with
a cooling rate of 50°C/s with a chemical composition of 0.003% C and 3% Mn3¢.

2.2.2.5 Bainitic or Acicular Ferrite

Austenite converts into a thin ferrite crystal at rapid cooling rates (in ultra and
low carbon steels). The acicular or elongated form is a characteristic of these
crystals. In the ISI] system, the acicular ferrite is referred to as as. Figure 14-a
illustrates the CCT diagram of HSLA -80 steel. In high cooling rates, granular ferrite
and acicular ferrite are transformed during intermediate temperatures. The upper
and lower bainite is shaped at low cooling rates. Figure 14-b represents an
acicular ferrite microstructure shaped at 500°C. In this microstructure appears
elongated, parallel and aligned forms. The structure is constituted of many thin
ferrite crystals; however, the crystals share the same orientation divided only by
the low angle boundaries. High dislocation density between crystals is a
characteristic of the acicular ferrite; this could be observed in TEM36,
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Figure 14 a) CCT diagram of HSLA-80 steel (0.05% C, 0.88% Ni, 0.20% Cr, 0.50%
Mn and 0.20% Mo). b) Schematic of intergranular acicular ferrite, IAF, with other
morphologies of ferrite3¢.

2.2.2.6 Granular Ferrite or Granular Bainitic Ferrite

In low carbon steels, granular bainitic ferrite (as) shapes in the intermediate
temperatures of transformation. Figure 15-b illustrates A710 steel with granular
ferrite microstructure. The microstructure of granular ferrite is formed by
retained austenite (M/A) islands scattered in a matrix; the M/A constituents
reveal the grain boundaries of austenite during etching. The dispersion of particles
maintains an equiaxed or granular morphology. The ferrite crystals in the matrix
are fine, equiaxed, and also appear with high dislocation density and low angle
boundary division3®,
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Figure 15 a) Acicular ferrite in HSLA-80 steel with isothermal transformation (5
000s at 500°C). b) Microstructure of granular ferrite in A710 steel (0.33%C, 1.44%
Mn, 2.19% Ni, 0.67% Cr, 1.20% Cu and 0.46% Mo)3®.
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2.2.3 Pearlite

Pearlite is a eutectoid reaction formed by austenite decomposition in ferrite (a)
and cementite (Fe3C). The nucleation of this lamellar structure is located on grain
boundaries of austenite (y), growing gradually into the grains. When Ars
temperature is achieved, it initiates the proeutectoid ferrite formation. During
austenite decomposition (fcc to bcc), carbon atoms are refused into
untransformed austenite grains; because the carbon atoms maintain a low
solubility in ferritic structures. When Ar: temperature is attained, the majority of
proeutectoid ferrite transforms. Then, the carbon content is enriched at 0.7 7wt%
in the remaining austenite (y), initiating the pearlite reaction3?.

Figure 16 illustrates ferrite and cementite nucleation at the grain boundaries of
austenite; then the nuclei grow inside the austenite grain as a colony. In this
process, the orientation layers maintain the same direction as the colony. The
formation of nodules with larger shapes is the result of a simultaneous colony
growth drive. During pearlite growth, the carbon is rejected to the plates from
ferrite and joins into the cementite. This mechanism is through carbon diffusion
in different forms: across the austenite, the ferrite, or the interface+2.

a) b) /%Z;’////

Pearlite
Nodule

/

/ Austenite
™

Pearlite
Colony

Figure 16 a) Mechanism of pearlite initiation through colonies in the austenite
grain boundary  b) Pearlite microstructure in eutectoid steel42.
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2.2.4 Bainite

Bainite is the microstructure resulting from the austenite decomposition in ferrite
and cementite. To obtain this microstructure, the temperatures must be below
pearlite and above martensite transformation. A significant overlap range is
visualised between the pearlite and the bainite transformation temperature in
plain carbon steels. Furthermore, the division between pearlite and bainite
temperature in alloy steels is different, generating a bay among pearlite and
bainite transformation curves (Figure 17-a, 17-b). When the isothermal
transformation starts, the amount of bainite elevates as a sigmoidal function of
time until the limit point. These phenomena occur even in prolonged heat
treatment, although an essential quantity of austenite still exists. This unfinished
transformation ends when the austenite obtains the equilibrium composition 43.

Depending on the initiation of transformation temperature, the bainite is divided
into lower and upper bainite. At high temperatures, diffusion occurs in
supersaturated carbon plates rejecting carbon in the surrounding austenite. This
results in internal free carbides in the upper bainite.
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Figure 17 (a)(b) Transformation diagrams of time-temperature, a) diagram of
pearlite and bainite phase overlap, b) the pearlite and bainite are differenced in
separate temperature zones, c) representation of the bainite growth and
decomposition of upper or lower bainite43.
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2.2.4.1 Upper bainite

Upper bainite (UB) forms below the temperature range of pearlite (550 °C -
400°C). The morphology of this structure has a close similarity to Widmanstatten
ferrite. The UB morphology consists of fine ferrite laths without inner
precipitation (Figure 18-a). In the upper bainite, the laths expand in clusters
(sheaves); in these sheaves, each plate is divided with low angle boundaries (or
cementite particles). These structures of ferrite are parallel between them,
containing similar crystallographic orientations. The crystal orientation in parent
austenite and ferrite is near Nishiyama-Wassermann and Kurdjumov-Sachs
orientation relationships#043,

The nucleation of bainite occurs on grain boundaries of parent austenite, and the
bainite growth is contained on the parent austenite grain. The orientation
relationship between austenite and bainite in the advanced interface avoids
growth beyond the grain boundaries of austenite?3.

a) b)

Figure 18 a) Thin foil image of upper bainite substructure plates in 2340 steel
austenitised at 1,095°C and transformed isothermally at 540°C during 15 hrs. b)
Upper bainite sheaf in transmission electron micrograph (TEM) obtained in a
partially transformed alloy (0.43C-2Si-3Mn wt%)43.

Bainite transformation is followed by a crystal structure shift from austenite/y to
ferrite/a. The bainite has a more extensive molar volume than austenite and needs
a simultaneous shape transformation (Figure 19)43. To visualise the laths of upper
bainite, it is necessary to use electron microscopy because the laths are 0.5pum
wide.

40



ag bs

[ ] @ az [ ] ® L]
O
d b1 b2
a4
(a) (b)
Bainitic
strain
(c) (d)
Body-centered Body-centered
tetragonal cubic
austenite martensite

Figure 19 Shift crystal structure due to transformations of bainite. a) Austenite
FCC unit cell with a1, a2 and a3 vectors; b) FCC and body centre tetragonal cell
(b1, b2, b3) relation; c) Strain of bainite deforming austenite lattice in a BCC lattice
of martensite (d)*3.

2.2.4.2 Lower bainite

The cementite precipitation in lower bainite occurs in the interlath regions of the
carbon-rich austenite as in the upper bainite. The precipitation also occurs in the
ferrite plates. In the lower bainite, the cementite which precipitates in the
interiors of ferrite grains shows the same orientation relationship that appeared
in tempered martensite (Bagaryatski and Isaichev orientation relationships).
Lower bainite plates have similarities with upper bainite substructure, with 0.5
um wide and light disorientation between them. Plates in lower bainite contain a
higher dislocation density than upper bainite but less than martensite. The fine
carbides of ferrite usually form an angle of 60° referencing the long axis of ferrite
crystals3643,

Figure 20 Lower bainite transformed at 190°C for 5 hrs in carbon steel with 1.10%.
a) Optical microscope, b) Micrograph of TEM36.
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2.2.5 Martensite

Martensite transformation needs faster cooling rates or quenches to develop a fine
structure during non-isothermal conditions. During this transformation, diffusion
is repressed by rapid cooling, and carbon atoms do not divide themselves among
ferrite (a) and cementite (FeCs). Nevertheless, carbon atoms are snared in the
octahedral sites of the bcc structure forming another phase, martensite (Figure
21-a)3¢. A mechanism of shear shapes martensite. A massive quantity of atoms
moves almost coordinately to produce the transformation. This mechanism differs
in atom per atom motion through interfaces in diffusion transformations. Figure
21-b illustrates the displacive or shear transformation of austenite (y) to
martensite. The arrows indicate the shear direction on the plane on the contrary
side, which started the transformation. The shaped crystal of martensite is
displaced above and below the austenite surface by the mechanism of shear36:44,

Two morphologies are observed in microstructures of ferrous martensite: lath
martensite (Figure 21-c) and plate martensite (Figure 21-d). Plate martensite
forms lenticular crystals (lens-shaped), also known as acicular martensite. The
zigzag pattern in small plates and microcracks are characteristics of this
morphology. Lath martensite is known as packet martensite; lath presents a fine
structure in the crystal of martensite. Laths align themselves in groups of a similar
orientation, known as packets#4.
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Figure 21 a) BCT Martensite crystal structure in Fe-C alloy. Atoms of carbon are
trapped in one set (z) of interstitial octahedral sites. b) Schematic of martensite
crystal displaying shear inclination and surface. c¢) Lath martensite. d) Plate
martensite 364244,
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2.2.6 Austenite

At elevated temperatures in steel and iron, the austenite crystal structure shows
stability. The FCC austenite structure possesses high carbon solubility in the
octahedral-interstitial site with an array of iron close-packed atoms. An array of
ferrite and cementite microstructures which are steady at room temperatures will
change to a single phase of austenite during heating. Dissolution of cementite and
concentration of carbon in the cementite transform into austenite solution
because the carbon has a high solubility in the austenite phase. Austenite has
elevated hot ductility, allowing easy working in the rolling and forging process.
Because of this, single austenite structure is an ideal phase; however, steels heated
in the austenite phase contains also carbides (depending on time and alloying
availability in solution), inclusions and precipitates36.

Figure 22-a shows the terms used for the critical temperatures of transformation
are: A1, which indicates the eutectoid temperature, A3 that refers to the primary
ferrite transformation, and Acm that refers to the primary cementite
transformation. Additionally, “c” (heating) and “r” (cooling) subscripts define the
critical temperatures during cooling or heating conditions. The initial step in the
heat treatment is full austenitisation, the temperature of Acs must be passed to
achieve the austenitisation condition 45 Figure 22-b shows the kinetics of
austenite transformation during isothermal conditions.
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Figure 22 a) Iron carbon transformation temperatures from the binary phase
diagram, the heating and the cooling were at 0.125 °C/min (critical temperatures
depend on processing and alloy composition) b) Phase diagram of iron-carbon
(left). The austenitisation diagram shows kinetics formation upon heating of
isothermal austenite (upper right) and decomposition of isothermal austenite
during cooling*.
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The austenite formation implicates a change in composition and crystal structure.
An atom rearrangement in the interface occurs during the transformation of BCC
ferrite or orthorhombic cementite to FCC austenite. These structural reorder does
not control the reaction kinetics, because obtaining the equilibrium composition
of austenite requires the diffusion of substitutional solute and a long range of
carbon. In this transformation process, the coarse alloy of enriched carbides mixed
with coarse ferrite appears as the slowest kinetics in austenitisation because the
homogenous in the formation of austenite is necessary to dissolve coarse carbides,
redistributing substitutional solutes*>.

Figure 22-b (left) shows the kinetics of isothermal austenite transformation from
eutectoid composition (pearlite) in a phase diagram, while the right indicates the
TTT diagram (time-temperature-transformation). Up eutectoid temperature,
austenite constitution starts from pearlite, while austenite decomposition appears
down the eutectoid temperature. The formation of austenite needs less time when
the temperature is elevated#.

2.2.6.1 Austenite Grain Growth

During austenitisation, the desired austenite grain size depends on the
application. Coarse grains of austenite elevate hardenability; however, in practice,
alloy elements are added to control hardenability. In the case of finer austenite, it
increases toughness and strength with a refined microstructure. The austenite
grain size growth is a function of temperature and time (Figure 23-a). In HSLA
steels, alloy elements and precipitates delay the grain growth due to precipitate
pinning on grain boundaries*>. Thus, the grain size of austenite is relevant in the
final properties and last microstructure; the prior austenite grain size measure is
desirable.
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Figure 23 a) Austenite grain size behaviour in function of time and temperature,
b) Austenitisation temperature effect on the austenite grain size in plain carbon
steel, the grain size is measured according to the ASTM standard. The solid line
represents the fine grain, and the shaded area represents the coarse grain*.
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2.3 Grain Growth

Recrystallisation is finished when the polygonised matrix is changed by the new
grain with strain-free (though the structure of the grain is not steady), and then
the annealing boosts an increase in average grain size. This process is known as
grain growth, and a grain boundary migration follows it. Equation 13¢ represents
the grain growth kinetics:

D? — D, =K, 1

Where the grain size in determining time (t) is D after the growth of grain has
initiated at a specific temperature, Do is the size of the grain at the initiation of
growth, and K is a dependent temperature constant related to the diffusion and
linked with the growth of grain. The Equation 2 represents the initiating
behaviour of the grain size, which is fast in the beginning stages of grain growth
and rises with time and temperature3°.

D = Kt1/2 2

Figure 24-a illustrates the grain growth in carbon steel with the following
chemical composition: 0.22% C, 1.04% Mn, 0.33% Si and 0.16% Al. The atom
mobility increases with the increase of austenite temperatures. At low
temperatures, small growth appears because the material aluminium killed steel.
In this process, the nitride particles of aluminium suppress the grain growth
because the aluminum oxide particles can serve as sites for the initiation of new
crystals in the solution. When the temperature has elevated, the nitride particles
dissolve. Figure 24-b shows the grain boundary pinning. In this diagram, it is
possible to observe the effect of the energy increase and the rise in the grain
boundary area. This area and energy increment are a consequence of the pinning
force acting in the boundary motion in each particle3®.

a) b)

Grain A Grain B

Pinning particle

Pinning distortion

Rigid planar boundary

Distorted boundary

Figure 24 a) Diagram of austenite grain size as a function of time b) Schema of
grain boundary pinning3e.
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2.3.1 Precipitation

The addition of microalloyed elements influences the strengthening. These
improvements in properties are produced by different factors such as grain
refining, particle precipitation in significant precipitates dispersion, grain growth
inhibition in particles of the second phase, and grain refining. To understand these
phenomena, it is essential to know the dissolution factors of the carbides and
nitrides in the alloy#®.

In the austenite zone, the microalloyed carbide and nitride dissolution at elevated
temperatures offers different possibilities in the successive process of “re-
precipitation” at below temperatures; these possibilities are:

e Precipitation in the austenite after a decrease in temperature, this could
appear in the slow cooling or during holding treatment (isothermally) in
the range of austenite temperature46.

e Precipitation in the decomposition process of austenite-ferrite, in this
form, the solubility declines in no continuous way at the boundary of
austenite-ferrite4e.

e Precipitation after the ferrite transformation, as a consequence of fast
cooling across the austenite (y) and temperature transformation
intervals#6.

2.3.2 Precipitation in austenite

The temperature of soaking combined with the steel composition are significant
parameters in the dissolution control of the carbide/nitride microalloy. The
precipitation behaviour depends on dissolution extension in two ways:

e Solute content increases through heating at elevated temperatures, thus
dissolving the carbides and nitrides. Consequently, it will raise the
supersaturation in the cooling and grow the precipitation rate at lower
temperatures*®.

e The partial dissolution of carbide/nitride will quit particles free as nuclei
for the following process of reprecipitation during cooling. To accelerate
the solute precipitation on the pre-existing speck is necessary lower
temperatures of dissolution#®.

In the lack of hot deformation, nitride/carbide microalloyed precipitation in
austenite is highly slow. However, when hot deformation is applied, the insertion
of dislocations, low angle sub grain boundaries and dislocation cells provisioned
large precipitation sites for the carbides and nitrides. In this condition, the
austenite precipitation is significantly increased#®.
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2.3.3 Niobium

The niobium is a stabiliser of ferrite (a). Also, niobium has a high tendency to
constitute carbonitrides. However, niobium has a low disposition to form
sulphides, oxides or solid solutions of those compounds. Therefore, the niobium
has similar behaviour to vanadium in the solution. In another way, the titanium
does not react as a former of carbides till nitrogen, oxygen and sulphur are
consumed by the first titanium additions#’. Figure 25 shows the solubility of
NbCxNy composition depending on carbon content (C), niobium content (Nb) and
the temperature of precipitation in the austenite.
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Figure 25 a) NbCxNy-solubility as a function of carbon content and precipitation
temperature. b) Variation in NbCxNy solubility as a function of niobium content
and temperature*’.

The solubility products have a fundamental role in understanding microalloyed
steels, particularly the precipitation phenomena. Table 3 illustrates an array of
solubility products divided into five different techniques. It is classified into the
next methods47:

A - Thermodynamic calculations
B - Precipitate isolation and chemical separation

C - Equilibrating a steel series with array contents of niobium at different
temperatures, after which contents of carbon are verified (during Hz-CH4
atmosphere)

D - Measures of hardness

E - The statistical process of prior solubility products
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Figure 26-a shows a relationship between solubility products in austenite versus
an increase in temperature using the studies of Nordberg and Aaronson. The
graph indicates two essential issues regarding solubility. First, when the product
is enriched with nitrogen, the solubility decreases. Second, the precipitate
compound solubility diminishes in austenite, and at the same time, the vacancy
content is smaller#.

Table 3 Solubility products in austenite systems for NbC, NbN and NbCN#7:48,

Product Method Reference

Nb-C system

log[Nb][C]=2.9-7500/T D Nordberg and Aaronson,1968
log[Nb][C]=3.04-7290/T B Nordberg and Aaronson,1968
log[Nb][C]=3.7-9100/T C Smith, 1966

log[Nb][C]=3.42-7900/T B Narita, 1975

log[Nb][C]=4.37-9290/T C Johansen, Christenen and Augland, 1967
log[Nb][C]*®"=3.18-7700/T B Mori, Tokizane, Yamaguchi et al., 1968
log[Nb][C]*®"=3.11-7520/T E Nordberg and Aaronson,1968
log[Nb][C]=2.96-7510/T E Nordberg and Aaronson,1968
Iog[Nb][C]°'87:3.4»7200/T A Nordberg and Aaronson,1968
log[Nb][C]=3.31-7970/T + ¢t B Andrade, Akben and Jonas, 1987
Iog[Nb][C]°'87=2.81—7019.5/T A Sharma, Lakshmanan and Kirkaldy, 1984
log[Nb][C]=1.18-4880/T - Balasubramanian and Kirkaldy, 1988
log[Nb][C]=3.89-8030/T - Balasubramanian and Kirkaldy, 1988
log[Nb][C]=4.04-10230/T C Smith, 1962

log[Nb][C]=3.79-10150/T B Mori, Tokizane, Yamaguchi et al., 1968
Nb-C system

log[Nb][N]=2.8-8500/T B Narita, 1975

log[Nb][N]=3.7-10800/T B Hoogendorn abd Spanraft, 1977
Iog[Nb][N]°‘87=2.86—7927/T A Sharma, Lakshmanan and Kirkaldy, 1984
log[Nb][N]=4.2-10000/T - Balasubramanian and Kirkaldy, 1988
Nb-C -N system

log[Nb][C]*®"[N]*¢°=4.09-10500/T B Nordberg and Aaronson,1968
log[Nb][C+12/14N]=3.97-8800/T C Santella, 1981
log[Nb][C+N]=1.54-5860/T B Nordberg and Aaronson,1968
log[Nb][CI°®3[N]°**=4.46-9800/T B Nordberg and Aaronson,1968
log[Nb][C+12/14N]=2.26-6770/T C Irvine, Pickering and Gladman, 1967

**+=[Mn](1371/T-0.9)-[Mn]2(75-T0.0504)

[tis known that the solubility of precipitates increases in austenite compared with
ferrite. Figure 26-b illustrates the solubility product of different precipitates in the
austenite and ferrite in ultra-low carbon steel. Palmiere et al. published in 1994
the solubility product of niobium in steel with the composition 0.08C-1.5Mn-
0.008N-0.02Nb (Equation 3).

log[Nb][C] = 2.06 — 6700/T 3
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Figure 26 a) Solubility products in different precipitates of Nb in y. b) Solubility
products in precipitates of NbC, TiN, TiC in y and a (published by Taylor, 1994)47.

Crystallography of precipitation has two main issues, first is the orientation
relationship between the precipitation crystal structure and the matrix. Second,
the lattice degree registry among the matrix and the precipitation. For example,
Carbonitrides of Nb, V and Ti have the characteristic that can precipitate in
austenite but also in ferrite. When the precipitates of NbCxNy in martensite or
ferrite use the orientation relationship of Baker Nutting (Or1)*’. Figure 27 shows
the austenite structures and the NbCxNy are located to illustrate the parallel
orientation relationships, while the ferrite structures and NbCxNy are located to
show the orientation relationship of Baker Nutting.

[100]wpc Il [100], Or1
[011]ype 11 [010],

The orientation relationship which is observed between the ferrite and NbC is
useful to detach the NbC nucleated in ferrite from the NbC nucleated in austenite.
When the austenite has a transformation to ferrite or martensite uses the
orientation relationship of Kurdjumov Sachs (Orz)*’

(111), Il (100), Ogz
[110], Il [111],
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Figure 27 Metal atom octahedra for a) austenite, b) NbCN, and c) ferrite’.

2.4 Thermomechanical controlled processing of pipeline steel

Conventional hot rolling uses high finishing temperatures (above 1050°C) without
cooling control resulting in ferrite and pearlite microstructures. While
thermomechanical controlled processing (TMCP) wuses lower finishing
temperatures avoiding the coarse prior austenite grain size and controlling the
cooling after finishing 3149, The addition of microalloying elements in TMCP
results in diverse microstructures such as ferrite-pearlite, varieties of ferrite and
bainite, and bainite with martensite islands and retained austenite (MA
constituents). TMCP controls different strengthening mechanisms in these phases,
such as grain refinement, solid solution strengthening and dislocation
strengthening. In addition, strength and toughness are controlled through
microstructure formation in pipeline steels22. The developments which enabled to
achieve these properties are outlined as follows:

e Reduce the carbon concentration from 0.2 to 0.05% and increase the
number of microalloying elements.

e Reduce the pearlite percentage and shift from “ferrite-pearlite” to “ferrite-
bainite” or “bainite-martensite” microstructures.

e Shift the processing route from hot rolling/normalisation to TMCP mixing
with quick cooling.

Low carbon with manganese and other microalloying elements are used in
pipeline steels. These elements are used to equilibrate contradictory properties:
high weldability and mechanical properties (ductility, toughness and strain
hardening). Strength is achieved with quenching and tempering in medium
carbon steel with a high hardenability. However, medium and high carbon steels
are often associated with poor toughness, ductility and weldability due to their
carbon concentrations 22.
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To furnish good weldability, TMCP uses a low carbon percentage in conjunction
with manganese to reduce the transformation temperature of austenite to ferrite.
Also, TMCP utilises a cooling rate and the addition of microalloyed elements (V, Ti,
Nb and Mo) and different strengthening mechanisms such as dislocation density,
grain refinement, precipitation hardening and preamble of second phases. In
addition, cleanliness is mandatory in these steels, decreasing phosphorus and
sulphur to the part per million. Table 4 represents the typical composition of the
most used grades of pipeline steel 22,

Table 4 Typical grade of pipeline steel composition 31

Grade X-65 X-70 X-80 X-100 X-120
Min Max Min Max Min Max Min Max Min Max
c 0.041 0.170 0.037 0.125 0.028 0.142 0.025 0.100 0.027 0.050
Mn 0.300 1.680 1.440 1.760 1.520 1.900 1.560 2.000 0.540 2.140
S 0.0002 0.030 0.001 0.015 0.001 0.009 0.001 0.0024 0.001 0.004
Si 0.020 1.390 0.140 0.440 0.170 0.310 0.100 0.250 0.080 0.310
Cu 0.020 0.310 0.006 0.270 0.015 0.200 0.250 0.460 0.010 0.015
Mo 0.005 0.140 0.010 0.300 0.050 0.300 0.190 0.430 0.001 0.400
Nb 0.018 0.060 0.051 0.092 0.038 0.090 0.043 0.089 0.048 0.100

\Y 0.042 0.210 0.001 0.095 0.002 0.100 0.003 0.070 <0.025

Ti 0.002 0.010 0.009 0.030 0.007 0.024 0.011 0.020 <0.015
Al - - - - - - 0.006 0.030 0.045 0.040
Cr 0.020 0.157 0.007 2.266 0.015 0.120 0.016 0.420 0.220 0.420
Ni 0.005 0.800 0.020 0.230 0.020 0.750 0.130 0.540 0.017 1.350
B - - - - - - - - 0.0013 0.0017

To produce a fine-grained microstructure, it is important to carefully control the
distribution of rolling reduction in the regions where austenite undergoes
transformation, both above and below the non-recrystallization temperature,
Ts%°0. At these deformation conditions, Ts% represents the maximum temperature
at which no more than 5% of the austenite grains undergo recrystallization®1.
During the deformation process, recrystallization below Tsy is suppressed or
retarded due to the cessation of strain-induced precipitation 52. As a result,
controlling the rolling reduction distribution in the regions surrounding T5% is
crucial for achieving a fine-grained microstructure in the final product.

To obtain strongly deformed austenite (no recrystallised), the last hot rolling
passes should be taken below the Tsy%. Before the austenite transformation to
ferrite, the austenite microstructure has been processed to a high strain. This
austenite results in many internal defects, such as slip/shear bands, dislocation
tangles, and high/low angle grain boundaries (HAGB / LAGB). HAGB and LAGB
furnish various nucleation sites for the BCC and BCT constituents (ferrite,
martensite and bainite)>3. As a result of the temperature control and deformation,
a fine-grained microstructure is obtained. This fine microstructure increases the
toughness and strength of TMCP steels. Figure 28 illustrates the final
microstructures obtained in TMCP processing.
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Figure 28 Microstructures resulting from thermomechanical controlled
processing (TMPC) 33.

The microstructure formation in the hot strip mill must be controlled in different
parts: reheating the slab, rough rolling, finish rolling, and cooling control®3.
Figure 29 shows a classic arrangement for the hot strip mill (sheet final product).

Heating furnace

Roughing mill

/ ‘—h
4.

Laminar cooling —

Coilers

Figure 29 Hot strip mill classic arrangement>+

2.4.1 Slab Reheating.

Reheating is the first stage of conventional controlled rolling (CCR) production
and TMCP. The slab is soaked at a high temperature (above 1150° C) during
reheating. Those temperatures allow the dissolution of the particles, and as a
consequence, the dissolution of the particles results in more microalloyed
elements in all the solutions 55536,
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Slabs feed the reheating furnace. It is known that the large dendritic and alloy
elements segregate interdendritically, characteristic of the microsegregation that
occurs in a slab casting microstructure. These phenomena act in conjunction with
distinctive centreline segregation (macrosegregation). Macrosegregation is a
fundamental microstructure pattern due to the difference in the plate thickness
composition, creating an array of microstructures through the thickness (Figure
30-31) 3.

(6

X-axis: 0-10 keV
Y-axis: 0-163 cts

40um 1

Figure 30 a) Nb (C, N) particles visualised in the slab centreline area; b) The
spectrum of energy dispersive spectroscopy (EDS) in one particle 53

Figure 31 Microstructure segregation in slab pipeline composition: 0.03% C, 1.7%
Mn, 0.25% Si, 0.005% S, 0.008% P, 0.082% V, 0.052% Al, and 0.063% Nb. a) near
the surface and b) centreline 3.

Pipeline steel production uses continuous casting, and the solidification rate in
this process reduces the secondary dendrite arm spacing (SDAS). If the secondary
dendrite arm spacing (SDAS) is reduced, it can result in more dendrites and
decreased interdendritic spacings, which can help prevent the formation of
defects like porosity, shrinkage cavities, and hot tearing>7.58,

After the solidification, slab macrosegregation appears across the thickness and
along the width. During slab reheating, it is only possible to remove
macrosegregation partially 53. Because in large distances, the solutes in the solid
state are characterised by low diffusivity, then macrosegregation cannot be
prevented when the solidification has finished in the casting>°.
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The reheating temperature and the soaking time have a relevant influence on the
slab microstructures. Those conditions affect not only the grain growth and
homogeneity of austenite but the dissolution of precipitates®®. Then, the
suppression of austenite grain growth is a consequence of the unfinished
dissolution of alloy elements>3. The most important limitations in the selection of
slab reheating temperatures are the next:

e The microalloying additions will be dissolved at high temperatures. It is
crucial to understand the role of elements additions in the precipitates
forming and the effect at high reheating temperatures.

e Attemperatures above 1000°C, austenite grains begin to grow rapidly, and
if left unchecked, this can result in excessively large grains, which can
negatively affect the properties of the material. However, the presence of
precipitates can limit the growth of austenite grains, thereby promoting
the formation of a desirable microstructure during rolling. Therefore, it is
important to control the grain growth during reheating to obtain the
desired microstructure in the final product.

e The oxide layer formation on the surface grows excessively at high
temperatures of austenitisation (above 1200°C). This effect limits the high
austenitisation temperatures in the slab.

As mentioned before, the precipitates have an essential role in the processing of
microalloyed steels because of their influence in retarding the recrystallisation of
austenite. Because of this, several authors such as Zajac and Jansson®l, Palmiere*8,
Balasubramanian4? and Irvine*” have studied the carbonitrides niobium solubility
in austenite. Those studies determine the dissolution temperatures of
microalloyed additions; based on thermodynamic calculations. Figure 32 shows
the calculated curves of Zajac and Jansson®l. In this graph, it is possible to compare
the volume fraction of niobium carbonitrides with theoretical calculations and
experimental results. It is observed that at high temperatures, most of the
precipitates are TiN, while at lower temperatures, the majority of precipitates are
prevailingly Nb (C, N)é1.
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Figure 32 Calculated curves of Nb (C, N), TiN and V (C, N) precipitation and
experimental data points of Nb (C, N) precipitates from a microalloyed steel
containing 0.013% Nb and 0.007%%2.

Figure 33 shows the change in size and composition of precipitates for a
microalloyed steel containing 0.050% Nb and 0.019% Ti. [tis observed as a change
in the shape and size of precipitates when the temperature increases. At 1075°C,
the precipitates are coarse compared with the precipitates at 1200°C. Also, in the
EDS analysis, the precipitates are mainly Nb-rich at lower temperatures, and when
the temperature increases, it becomes Ti-rich. Even at high temperatures (until
1250°C), the small amounts of Ti (CN) and Nb (CN) precipitates stay undissolved.
Those small quantities prevent an excessive grain growth of austenite which is
fundamental in the reheating stage®?.

Nb-rich (Nb, Ti,V)(C,N)
X-axis: 0-10 keV > X-axis: 0-8 keV
Y-axis: 0—1000 counts Y-axis:0-1000 counfs

L

Figure 33 Difference in microalloying precipitates composition depending on
reheat temperature. a) 1075°C - Nb rich (Nb, Ti, V) (C, N) to b) 1200°C - Ti-rich
(Nb, Ti) (C, N) indicates in EDS analysis®2.
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2.4.2 Rough rolling microstructure formation

During descaling, powerful water jets use to remove the thick oxide layer
originating in the reheat furnace. Rough rolling starts when the slab is shifted to
the roughing mill after descaling. Then, 5 to 7 passes are conducted through the
reversing roughing mill; at the end of the reversing mill, the reduction achieves
85%. The inter-pass times are long in this process because the slab is rolling
forward and backwards. After the roughing, the slab is generally transferred to the
coil box before starts the finishing rolling. The slab shows a better temperature
distribution when it is coiled in coilbox>>.

The slab continues the processing until the finishing rolling starts. During the
reversing roughing mill to the coil box, the temperature decreases around 1000°C
before the finishing mill initiatess5. At this temperature, the transfer bar is
processed at Ts%, achieving the non-recrystallisation temperature of austenite.
The non-recrystallisation temperature depends on the chemical composition,
especially in the amount of Ti, Al, V and Nb. It is known that the most substantial
effect in the increase of recrystallisation temperature is obtained with the
niobium. Figure 34 shows the microalloyed elements’ effect on the
recrystallisation stop temperature of the austenite for a steel chemical
composition of 0.07%C, 1.4% Mn and 0.25% Si53.
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Figure 34 Microalloying elements effect of recrystallisation stop temperature on
austenite for steel (0.07C -1.4 Mn - 0.25 Si)33.

The effect of rough rolling on the austenite grain size appears in Figure 35. It is
observed in the evolution of austenite grain size after the slab leaves the reheating
furnace and before the material starts the finishing rolling for a steel chemical
composition of 0.06%, 1.6% Mn, 0.055% Nb, and 0.01%>(Mo+Ni+Cu+Cr). Figure
35-a shows the initial y grain size of 58.1 um after the slab was reheated at 1250°C
for 1 hr. Then, the slab passed three times at 1250°C, 1220°C and 1180°C, and the
y grain size is reduced to 26.1 pm. Finally, after 1 min of cooling between the exit
roughing and finishing mill, the temperature decreases from 1180°C to 1060°C,
producing an increase in y grain size to 34.5 pm>3.
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SR R
Figure 35 Austenite grain size microstructure of a microalloyed steel a) 1250°C
reheating for 1hr and an austenite grain size of 58.6 um, b) after 3 rough rolling
passes at 1250, 1220, and 1180 °C with an austenite grain size of 26.1 um and c)
1060 °C after the slab was cooled by 1 min (austenite grain size of 34.5 pm), the
material was previously at 1180°C in the last roughing pass 53.

2.4.3 Finish rolling and cooling microstructure formation

Slabs continue in the finish rolling mill after rough rolling; in this stage, the length
and thickness obtain the final measures. The final microstructure is affected by
different parameters such as temperature distribution during passes, reduction
percentage per pass, finish rolling temperature and the cooling rate. Figure 36-a
illustrates the evolution from conventional rolling at high temperatures to
thermomechanical rolling (TMCP). TMCP has two principal stages: the control of
rolling and a successive accelerate cooling. During rolling in the finishing, the
grains of austenite are elongated as pancake shape having high density of crystal
discontinuities such as deformation bands and ledges.

Figure 36-b shows the TMCP rolling and the resulting microstructures after the
cooling. The final microstructure depends on the cooling velocity after finishing.
The Niobium additions promote the carbonitride precipitates through fine strain,
which can delay the recrystallization process. The zone where the T-t-curve
intersects between the onset of Nb(C,N) precipitation and the initiation of
recrystallization is referred to as the non-recrystallization temperature (Tnr). Tnr
is essential parameter in the rolling processing 53.63,

During finish rolling, the microstructure is affected by the austenite evolution. The
mean properties of the austenite during this process are morphology, grain size
and ingrain defects allocation. The deformed austenite can serve as sites of
heterogeneous nucleation during the transformation of ferrite or bainite into an
extremely fine structure 5363,
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The pipeline’s microalloyed steels are processed under continuous cooling
conditions. After the cooling, the final microstructure is a mixture of different
phases such as ferrite, degenerated pearlite, upper bainite, lower bainite,
martensite, and islands of martensite - austenite even carbides. Electron
backscatter diffraction (EBSD) is used in the differentiation of morphology. To
obtain the morphology separation utilises the lattice misorientation and
crystallography basics 3.
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Figure 36 a) Rolling schemes from conventional rolling to TMCP rolling. b) TMCP
rolling and cooling strategy in strips or high strength steels®3.

2.5 Welding Process
2.5.1 Submerged Arc Welding

Submerged Arc Welding (SAW) is a welding process in which granular fusible
material (flux) covers the arc. Flux material is positioned over the base material
and ahead of the arc. Then, the electrode feeds the filler material; this way of
providing the material allows the process to be continuous. The granular flux is a
characteristic of SAW; this increases quality and weld rates deposits during the
process. The slag is another advantage of shielded metal arc welding. Slag has a
critical characteristic that enables it to isolate the weld, resulting in a reduction of
cooling velocity and refinement of the weld material with deoxidizers. Figure 37
illustrates the submerged arc welding process®.
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Figure 37 Schematic of Submerged Arc Welding Process ¢4

The arc is automatically positioned at a short distance from the workpiece during
the welding application. As a result, some of the flux melts during the heat
application in the continuous process. Then, lighter molten flux arises overhead
the melt material forming slag when the electrode advances along the joint.
Finally, the slag solidifies over the weld material, protecting against nitrogen and
hydrogen contamination that could appear at high temperatures. Figure 38 shows
a schematic of a submerged arc weld pool®+.

Travel Electrode

Molten pool of
electrode, flux,
and weld metal |

I Parent (base) metal ‘

Figure 38 Schematic of submerged arc weld pool 4.
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Some advantages of SAW

e The increase of welding velocity and deposition rates. To have higher velocity
and deposition rates, it is possible to feed with more than one wire at the same
time®>.

e High-quality welding improves mechanical properties. In addition, the flux
feed tube protects the formation of polluted elements such as oxygen, nitrogen
and sulphur from the liquid weld pool (Figure 37)¢.

e Low cost per length of joint welding®>.

Limitations of SAW

e The time to remove slag in multiple weld passes. Before the deposit of
subsequent passes, the slag must be removed®>.

e Base material thickness. SAW is used in joints above 6.4 mm (0.25 inches)
because it needs high heat input during welding®>.

SAW is used in any application that requires continuous and long joints.
Shipbuilding, pipe manufacturing, structural components (bridges and buildings)
and pressure vessels are examples of industrial applications for SAW®5. Figure 39
represents an improved design of the pipeline SAW with a double “V” groove; the
diagram shows the SAW’ s versatility. In the original design, the possible
distortion in the pipe during high heat input was reduced by the weld backing strip
in the internal diameter. In contrast, in the double “V” improved design, it is not
necessary to weld a backing strip. With this weld joint improvement, the electrode
flux and work hours were decreased by 46%, and the total welding cost
diminished by 62%?¢¢.

To joint plain carbon steels, the usual process is submerged arc welding. Also, low
alloy and alloy steels can be easily welded with SAW. However, it is essential to
control the heat input and interpass temperature during the welding. The control
of those parameters avoids the undesirable hardness and grain coarsening,
besides cracking in the Heat Affected Zone. Therefore, heat input control and
interpass temperature are mandatory to obtain determined mechanical
properties in welding®4.
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Usual defects in SAW

e Insufficient fusion and slag entrapment. An inadequate welding procedure and
weld bead cause slag entrapment and incomplete fusion. Also, the
inappropriate placement will cause the weld metal to overturn and snare the
slag below. Finally, slag entrapment is promoted by high and low voltage®4.

e Solidification cracking. The fracture on the centre of the weld bead is typically
a consequence of the join design; also, applying the weld procedure and weld
bead shape has a negative effect. For example, if the weld bead is overly deep,
the deformation stresses during solidification will cause cracking in the
centreline®4.

e Hydrogen-induced cracking. Hydrogen cracking takes hours to days after the
welding procedure has been finished. All sources of Hydrogen (such as grease,
water, dirt, primer paint, and oil) must be removed from the joint. To reduce
cracking in high-strength steels, weld deposit consumables should be used
with low diffusible hydrogen®4.

e Porosity. The trapped gas typically produces porosity. In SAW, the porosity is
not a usual defect because the flux protects the arc welding. However, when it
appears, it does in two different patterns: internal porosity and seeable holes
on the surface. When the gas bubbles originate from the porosity, it is because
of the lack of atmosphere protection or the presence of contaminant sources
such as water, dirt or grease®4.
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Figure 39 Submerged arc welding schematic for pipeline®®.
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2.5.2 Heat flow in the fusion welding

The movement of the heat source in fusion welding produces different effects on
the material, such as phase transformations, temporal thermal stress, physical
state shift and metal motion (Figure 40-a). When the process is finished, the weld
bed might include physical disruption because of distortion (inappropriate plastic
strains), unsuitable cooling rates and residual stress. The high heat is an important
parameter because the heat intensity of welding melts the filler metal,
transforming it into a melting pool®”.

Figure 40-b illustrates the calculation of peak temperature at a different distance
of the fusion zone in the gas metal arc steel weld (GMAW); the image shows a
transverse section of a single pass welding®8. Figure 41 represents the influence
of welding velocity on the isotemperature contour in low carbon steel. When the
speed is elevated, weld size reduces, and the isotemperature shape extends
behind the arc. If the heat input is increased, it will be necessary to increase the
travel velocity to achieve a similar weld size®’.

Rosenthal’s thick plate solution calculates temperature distribution considering
the differential heat flow source in a semi-stable state. Rosenthal Equation is a
three-dimensional model which uses proportionate thermal conditions at a
specific point (Equation 1). The model uses an isotropic semi-infinite body which
it is limited to one direction plane. At time t=0, qo is a point source of constant
power refers to a single location emitting a steady amount of energy. qo starts at
a particular location on the surface and travels at a constant velocity in the x-
direction. The increase of temperature T-To, in a point P at specific time (t) is
shown in Equation 4. Where R is the distance from the heat source, X is the
distance from the heat source determine along x-axis, A is the thermal diffusivity,

and “a@” is the volumetric heat capacity. Figure 42-a shows Rosenthal’s thick plate
solution in a three-dimensional diagram?®s.

T—Toz;%(%)exp<—%(R+x)> 4

Another necessary calculation is the fast-moving high-power source. Following
Equation 4, the isotherms behind the heat source continue to elongate as the
power, q,, and welding velocity, v, rise. In limiting conditions, when v — oo, g, =

o and Clo/v remains finite, isotherms will be degraded in an area corresponding
to the x-direction welding (Figure 42-b). As a result, heat conduction will be in the
same direction as the x-axis, holding heat flow in two dimensions.
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Equation 5 shows a simple solution on a semi-infinite slab for a fast-moving high-
power source®s,

T—To=%(l)exp(—@) 5

2w \t 4at

Where r* is the radius vector in two dimensions in the plane of y-z
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Figure 40 a) Welding thermal schematic; b) distribution of temperatures shape
model in the transverse section of GMAW. Settings: [=450 A, v=2.6 mm/s, U= 30V
and d=50 mm ¢67.68
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Figure 41 Welding velocity effect (V) on isotemperature contour of low carbon
steel (4200 J/s heat input)®?

Figure 42 a) Thick plate Rosenthal representation; b) quick movement semi-
infinite slab with high power source ©8.
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2.5.3 Weld solidification

The microstructural evolution that occurs during solidification in the fusion zone
is a critical factor in determining the final properties of a welded joint. The three
primary parameters that are typically controlled during solidification to achieve
the desired microstructure and properties are the temperature gradient (G),
cooling rate (€), and growth rate of the solid-liquid interface (R). By controlling
these parameters during welding, it is possible to achieve the desired
microstructure and properties in the welded joint.

Figure 43 illustrates a fixed-rate temperature gradient (R) that travels from right
to left, which implies t1 > t2. The temperature decreases from T1 to T2 over the
time period of t1-t2, at a fixed position (x*). The cooling rate, which is determined
by the speed (R) of the temperature gradient across space, controls the time
required for the temperature to decrease ©°.

=GR 6

In addition to the cooling rate, the solidification of the weld is also determined by
other welding parameters. Moreover, the rate of growth in welding is influenced
by the speed of the heat source and the shape of the weld pool, as explained in
Equation 7. In this formula, the heat input controls temperature gradient and
cooling rate, where the transfer efficiency of the heat source is ), the power of the
heat source is P and the heat source travel velocity is S. The energy amount
liberated per unit weld length is represented by heat input. The €, G and R values
depend on the time and position; when the heat input increase, the cooling rate
and temperature gradient is reduced®°.
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Figure 43 Graph illustrates the temperature gradient (G), cooling rate (€) and
growth rate (R) relation. The rate of temperature gradient movement controls the
cooling rate. 9.

The fusion weld has another essential factor which is competitive grain growth.
The grains of weld metal will occur since their previous forming grains of base
metal are in an epitaxial manner. Furthermore, not all grains will be oriented in
the same direction for continued growth. The main factors to control the increase
in weld metal grains in a continued and competitive form are the next:

e The grain growth trend is transversal to the highest heat extraction way. In
this process, the latent heat solidification requires transfer from the
temperature gradient to the base metal. Because of that, the highest heat
flow rate is perpendicular to the solid-liquid interface. Consequently, the
tendency of grains growth is in the direction of the perpendicular way of
the solid-liquid interface®°.

e Solidified grains will grow in the crystallographic direction of “easy
growth”. Cubic metals have [100] direction as preferential crystallographic
growth®°.

Furthermore, fusion welding has additional challenges because, during the
application, the weld pool (melted material) constantly moves in the solid-liquid
interface, which affects the fusion line. Figure 44 shows the grain orientation in
the fusion line; in those grains, the growth direction is favourable to the fusion
line. Nevertheless, when the weld pool starts to shift position, the grain growth
changes in an unfavourable direction. Eventually, other grains with favourable
orientation to the weld line will overgrow the first ones®°79,
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Figure 44 Illustration of grain growth competition in welds. a) Early grain growth
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2.5.4 Heat Affected Zone

The Heat Affected Zone (HAZ) refers to the area near the welded joint where the
material has undergone repeated cycles of high temperatures. As a result, the
material properties can be significantly altered, which may result in formation of
defects and potential structural failures. Because of this the Heat Affected Zone
(HAZ) is the most critical issue in welding 71. Usually, the weld metal problems are
solved with the change of electrodes. However, the only way to solve HAZ
problems occasionally involves changing the base material, drastically increasing

the product cost. Therefore, weldability is one of the most critical issues in the
HAZ.

To evaluate weldability is used the empirical carbon equivalent formula. European
countries, the United States and the International Institute of Welding (IIW) use
equation 8, while Japan, to evaluate the low carbon steel is utilised the parameter
of composition-characterise Pcm (Equation 9)72. If a steel alloy has a high carbon
equivalent (CE) value, it means that it contains more carbon and other alloying
elements, which can increase the risk of cracking during welding due to hardening
and cooling stresses. Contrary, a steel alloy with a low CE value is less likely to
crack during welding and is considered to have good weldability, indicating a
lower concentration of carbon and other alloying elements 72.

Mn Cu+Ni Cr+Mo+V
CE(HW) - C+?+ 15 + 5 8
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Si Mn+Cu+Cr Ni Mo \Y
+— +-— +— +5B 9

Fem = C+ 35+ 20 60 ' 15 10

These equations have been used to evaluate steel’s hardenability with the
chemical composition of the material. To predict the steels susceptibility of
cracking during welding is used the CE, while the susceptibility of cold cracking
during welding is determined by Pcm in high-strength low-alloy (HSLA) 73. Figure
45 illustrates the carbon equivalent relation, Pcm, with the martensite volume in
the coarse-grained and grain-refined region. When Pcm elevates, hardness and
martensite in the two areas increase at the same time72.

100

/ i Grain-
3 0/ coarsened

HAZ
75

2 Grain-
S refined
- HAZ
£ 50 /
: /
[
8 2d /|
= 2
7| 7
i 4 o
0.16 0.20 0.24 0.28

Carbon equivalent, P,

Figure 45 Relation between the martensite in the HAZ volume fraction and the
Pcm in the thermally cycled samples. The parameters are: (1) peak temperature,
Tp=1350°C, time of cooling 800 to 500 °C (Ats/s) =3s; (2) Tp=1000°C, Ats/s=3s; (3)
Tp=1350°C, Ats/5=13s; (4) Tp=1000°C, Ats/5=13s72.

The alloying elements in the Heat Affected Zone play a crucial role in modifying
the microstructure and mechanical properties of a material, which can be
influenced by the cooling rate and transformation behavior. These effects can be
analyzed and predicted through the use of the CCT diagram (Figure 46) 72, which
provides a graphical representation of the material's transformation
characteristics during cooling under a steady cooling rate from a high temperature
to room temperature. The CCT diagram provides information on the start and end
temperatures of the transformation process, the transformation rate, and the
resulting microstructure that forms during the cooling process. The impact of
alloying elements on the microstructure of Heat Affected Zone (HAZ) and
toughness in low alloy and carbon steels can vary. Some of the effects are as
follows:

67



Carbon has a meaningful role in hardness and the carbon equivalent equations
Pcn. When carbon increases, it promotes the constitution of transformation
products at a lower temperature, such as bainite and martensite. However, the
increment of carbon reduces the cleavage strength in the HAZ72.

Manganese. Additionally to the hardening of solid solution, it can lower the
transformation temperature in austenite to ferrite. Also, it provides grain
refinement resulting in a strengthening effect. Moreover, the restriction of
manganese quantity reduces microstructural banding and solidification
segregation’2,

Chromium is a carbide former and solid solution strengthener. In addition, It
elevates steel hardenability, increases corrosion and oxidation resistance’2.

Nickel is similar to manganese; the addition of nickel decreases the austenite
transformation temperature. Also, this element increases toughness and
hardening’2.

Niobium and Vanadium. In low alloy steels, these elements are added in small
quantities. V and Nb precipitate in V(C,N) and Nb(C,N); these elements delay
austenite grain growth and recrystallisation during rolling and normalisation. In
fusion welding, temperatures achieve more than 1100°C; at those temperatures,
V(C,N) and Nb(C,N) are dissolved. Also, the dissolution of the precipitate allows an
effect of reprecipitation when the cooling occurs at slow temperatures. The V(C,N)
and Nb(C,N) reprecipitation impair the HAZ toughness?2.

Titanium. The titanium nitride inhibits the prior austenite grain coarsening in the
adjacent zones of weld fusion boundaries’2.
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Figure 46 Continuous cooling transformation (CCT) diagram in weld metal sums
up the microstructure effect and transformation products depending on alloying
elements and cooling time in weld?2.
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During welding of high-strength low alloy steels (HSLA), coarse grained
embrittlement is one of the most critical issues in the HAZ. The slow cooling rate
increase the embrittlement forming undesirable microstructures such as grain
boundary ferrite and side plates of coarse ferrite (Upper bainite and
Widmanstatten ferrite) and grain boundary ferrite?2.

In HSLA steels which contain vanadium and niobium, the HAZ and the weld metal
show low toughness in submerged arc welding applications. Because the high heat
inputs increase the HAZ's coarse grain. Furthermore, a low cooling rate in the HAZ
is associated with a reduction in grain refinement and the probability of
precipitation increase in the Nb and V carbides. The carbides dilution and the high
inputs heat conduct the niobium and vanadium precipitation hardening problem
in the coarse-grained weld metal. Other critical factor in the microalloyed
elements is titanium and nitrogen. The slight Ti (up to 0.04 %) and N additions
reduce the grain growth in the coarse-grained region of HAZ. This is owed to the
higher stability of titanium nitride in the peak temperature achieved in coarse-
grained regions (up to 1100 °C), where Nb and V carbides have been dissolved at
high temperature’2.

In annealed low carbon steels, the primary microstructure is soft ferrite in a
dispersed manner with tiny particles of carbides. In contrast, the hot rolled or
normalised low carbon steel contains pearlite islands meanly. To avoid some
failures in the welding, such as stress corrosion cracking, steels used in hydrogen
sulfide environments must achieve a hardness of less than 22 HRC (248 HV). This
hardness limit is recommended for pipeline steel in sour gas application?2.

Thermomechanically controlled processing steels (TMCP) improve the
accelerating cooling technology by the obtention of a similar strength level to the
conventional controlled rolled steels with lower carbon content (<0.06%). TMCP
steels acquire their toughness and strength from the second phase’ s greatly fine
ferrite and microstructure (finely distributed pearlite or bainite, which occur
during cooling acceleration). Furthermore, HAZ softening is an issue because the
TMCP steel could return the microstructure during a slow cooling rate in the HAZ
with high heat input levels. Figure 47 illustrates hardness variance in the HAZ
using different heat inputs’2.
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Figure 47 Difference of HAZ hardness profile in a TMCP steel welded. Heat input
parameters are 1.7, 3.0, and 7.0 kJ/mm. Chemical composition: C, 0.06%; Si,
0.14%; Mn, 1.33%; P, 0.010%; S, 0.001%; Cu 0.31%; Cr, 0.05%; Nb, 0.15%; and Al,
0.034%72.

2.5.5 Solid-State Transformations

Solid-state transformations appear during welding, and they typically take place
in a non-equilibrium condition due to the high heating and cooling rates involved.
The two main regions in welding metallurgy are the Heat Affected Zone (HAZ) and
the fusion zone (FZ). The welding metallurgy divides into two main regions: the
heat affected zone (HAZ) and the fusion zone (FZ), and phase transformations
occur primarily during heating and cooling.

Figure 48 shows a typical microstructure transformation during heating and
cooling in the Heat Affected Zone. When the heating increases, the austenite starts
to form at Acl temperature and it finishes at Ac3 temperature when austenite is
fully transformed. Until the temperature is above Ac3 the grain size starts to grow.
On the other hand, during cooling, as the temperature decreases below Ar3, the
austenite begins decomposition into various microconstituents. The
transformation temperatures Ac3 and Ar3 are not fixed values, but depend on the
heating or cooling rate. At higher cooling rates the difference between Ac3 and Ar3
increases 74,
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Figure 48 Illustration of microstructure behaviour during heating and cooling in
the HAZ 74,

The HAZ could be separated into different zones depending on the distance
respecting the fusion line (Figure 49). In the adjacent zone to the fusion line, the
temperature is the highest, which can cause the austenite grains (y) to coarsen.
This can result in an increase in hardenability in this zone. Austenite Grain Size
reduces faster when the distance of the fusion line increases. Some regions away
from the fusion line experiment a partial austenitisation in the heating process.
Figure 50 illustrates the microstructure of HAZ in single pass and multiple pas
welds 75. Table 5 illustrates the temperature interval in the Heat Affected Zone
regions as a function of the fusion line distance.
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Figure 50 The microstructure of HAZ in single and multiple pass welds 7>.

Table 5 Interval of temperatures

in the different HAZ regions 74

HAZ Microstructures

Temperatures range

Coarse grained austenite
Fine grained austenite
Partially austenitised zone
Tempered regions

1500 °C> T, > 1200 °C
1200°C > T, > Acs
Ac3>T,>Acs

Aci > Tp

2.5.6 Austenite Grain Growth and Grain Boundary Pinning

The growth of Austenite Grains promotes phase transformation kinetics and

contributes to the formation of bainite and martensite. Additionally, it

significantly affects the grain size of the weld, with the grains growing in the same
epitaxial orientation as the Heat Affected Zone. The grain growth affects strength
and toughness, besides the weld grain size’4. Figure 51 illustrates the change in
grain growth when it moves away from the fusion line.
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Figure 51 Grain growth changes in the HAZ74.

In the past, increasing carbon and manganese quantities was the usual practice to
increment the strength. However, the addition of those elements detriment
toughness and promotes weld cracking’4. Because of this, grain size reduction is
the best method to increment the two properties: strength and toughness’4. In
microalloyed steels, to achieve an accurate grain size (before the austenite-ferrite
transformation) is necessary to add some microalloyed elements such as niobium,
vanadium, titanium, and aluminium. Nb, V and Ti are extraordinary formers of
carbides and nitrides, while Al only forms nitrides. The addition of these refining
microalloyed elements modifies the austenitic matrix with fine precipitates. The
particles are auspicious to locate in the grain boundaries. The fine precipitates are
pinned in the austenite grain boundaries stopping the grain coarsening’+.

In the Heat Affected Zone is not possible to obtain the optimum microstructure
and desirable precipitation as in thermomechanical processing. The principal
issue in the HAZ is the peak of elevated temperatures, that energy produces
dissolution and coarsening of precipitate particles. As a consequence, high
temperatures increase the austenitic grain size. Figure 29 represents the effect of
microalloyed steel and the second-phase particles on the austenitic grain size
depending on the fusion line74.

The effect of solubility products could be minimised using undissolved precipitate
particles at high temperatures. Figure 52-a shows the stability of the nitrides
compared with the carbides. The nitride of Titanium (TiN) has the most increased
stability; this relevant advantage allows it to use in different steels. Figure 52-b
illustrates the effect of varying microalloying additions in the austenite grain
coarsening at different temperatures. Titanium is the most influential element in
grain refining of microalloyed steels because TiN has the lowest solubility in 74
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Figure 52 Diagram of the austenite grain size in the HAZ and the effect of the
second-phase particles in the weld. The second phase particles are distributed
depending on the distance of the fusion line and thermal cycle’4.
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Figure 53 a) Carbides and nitrides solubility products in austenite. b) Result of the
microalloyed additions on the temperature of austenite grain coarsening’4.

2.5.7 Fusion Zone of a Single Pass Weld

The filler metal is an essential issue in the design of welding. Typically, the
chemical composition of filler metal is equal to the base metal; however, it is not
mandatory. Weld metal must have the same properties referring to strength,
toughness and corrosion-resistant’4. In the transformation behaviour of weld
metals, ferrite nucleation is more favourable at grain boundaries than in the
inclusions because of the energy levels. However, grain boundaries are a good area
for ferrite nucleation because it needs less energy. Figure 54-a illustrates the
particle radius effect on the energy barrier allowing ferrite nucleation at
inclusions. Inclusions must be more significant than 0.2 to 0.5 um to get the

maximum nucleation potency. Figure 54-b shown the shape of acicular ferrite and
inclusions particles??.
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Figure 54-a Result of the energy barrier at inclusions nucleation in ferrite. The
discontinued line shows the energy barrier to ferrite nucleation at the austenite
grain size. 74. Figure 31-b Acicular ferrite and inclusions particles in a microalloyed
steel”l.

2.5.8 CCT weld diagram

The CCT welding diagram is illustrated in Figure 55. The first phase that appears
during cooling is allotriomorphic ferrite (this phase doesn’t have a standard
external form). In lower temperatures, the curve of y/a allotriomorphic
boundaries reduces, and the side plates of Widmanstéatten start to shape. The
Widmanstitten plates grow faster because the carbon is redistributed to the sides
of the growing tip; this prevents the solutes heap up. Subsequently, when grain
boundary sites saturate with allotriomorphic or Widmanstaten ferrite and cannot
continue growing in the interior of the grains, ferrite nucleation and inclusions
starts to compete. While acicular ferrite forms in the inclusions and nucleation of
laths. At a higher cooling rate or when the content of inclusions is extremely low,
nucleation of bainite could form in austenite grain boundaries. Figure 56 shows
the microstructural constituents in typical welding of low alloy steel74.
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Figure 55 CCT diagram of continuous welding showing the resulting
microstructures’4.

Figure 56 Low alloy steel weld metal representative microstructures. (a) and (b)
Coarse grain HAZ (low heat input), c) Deposited weld metal (low heat input), and
d) Reheated weld zone (low heat input). M - martensite; UB - Upper Bainite; LB -
Lower Bainite, PF - Polygonal ferrite, AF - Acicular ferrite, GF - Granular Ferrite,
WF - Widmanstatten Ferrite74.
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Summary

The present chapter covers the literature review in different stages. Firstly, it
explains the evolution of austenite in different microstructures when it is cooling
at various velocities. Next, it appears the effect of temperature in the prior
austenite grain size and solubility of various precipitates such as niobium carbides
and titanium nitrides. Afterwards, it describes the thermomechanical controlled
processing; the welding process is focused in the heat affected zone and the
temperature distribution during the application.

Niobium is crucial in the control of prior austenite grain size. Previous
publications did not report in the experimental work high niobium concentrations
and long holding times. Present work will experiment with long austenitisation
times (>30 min) and niobium concentration of 0.094% at different cooling rates
and austenitisation temperatures. This will allow to understand the behaviour of
the prior austenite grain size and the effect on the microstructure evolution.
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Chapter 3

Experimental Procedure

3.1 Experimental design

The experimental process is essential to plan the following steps in the research
work. The experimentation was divided in characterisation and evaluation of
mechanical properties. Figure 57 shows the experimental process used during the
research.

Initial microstructure and

/Critical temperatures and\

Gea.t treatment simulation\

mechanical properties niobium solubility
Determine the heating rate staying
Evaluate the raw material Transformation temperatures time and cooling rate
. Nital — (Ac, Ar) - Perform the heat treatment
Etching — Calculate the niobium solubility

Picral
Mechanical Properties

Precipitation

Mechanical properties Microstructure evolution

Characterise the precipitates * Microhardness | CCT diagrams using JMatPro

+ Tensile Evaluate the resulting
4~—+ Carbon extraction - + Impact e _ Microstructure using Nital
“ replica i . . i
+ Optical microscopy S
! / . SEM ers
TEM ; * EBSD —— Volume fraction

)

Figure 57 Experimental process chart during the research.

3.2 Material

A section of pipeline was supplied by Companhia Brasileira de Metalurgia e
Mineracao (CBMM). The material is an API X80 steel, which works in the Cheyenne
Plains Project to transport natural gas in Colorado State in The United States. It
was manufactured in California by Napa Pipe Corporation. The pipe has the next
dimensions, 14.38mm (0.566") thickness wall x 762mm (30”) outside diameter.
The pipeline was welded using a double submerged arc (SMAW). The chemical
composition of the steel is shown in Table 6. The material corresponds with a
chemical composition between API X80 and X100 steel.

78



Table 6 Chemical Composition (wt %)

C Mn P S Si Cu Ni \ Nb Al Cr Mo Ti N2 Ca

0.060 1.560 0.014 0.002 0.130 0.240 0.130 0.002 0.094 0.037 0.230 0.010 0.014 0.005 0.003

3.3 Metallography

Optical microscopy was performed on a Nikon Eclipse. The objective lenses in the
microscope has magnifications from 50X to 1000X. To use the samples in this
technique, it is necessary to keep a flat surface. Therefore, as a previous
preparation, it is required to follow the next steps:

1. To standardise the samples, the material is mounted in a conductive resin
(Bakelite). The conductive resin allows using in the Scanning Electron
Microscopy after the optical microscopy. All the samples were mounted in
32 mm diameter for use in the automatic polisher.

2. Then, diamond abrasives and grinder polisher were utilised in the
automatic polisher EcoMet 250 Pro by Buehler. Table 7 shows parameters
utilised in the specimen’s preparation using the automatic polisher?¢. This
method makes it possible to obtain a mirror-like surface without scratches
in the sample. At the end of the process, it was used diamond solution, in
this step is important to have adequate polishing cloths. It utilised
WhiteFelt™ in 3 pum and Micro Cloth in 1 um supplied by Buehler.

Table 7 Semiautomatic procedure in sample preparation 6.

Abrasive Parameters Mechanical Properties
Speed an Speed b Force Time
Stage Type Grade Fluid (rpm) * (rpm) * Direction (N) (min)
1 SiC 240-2500 Water 60 240 Comp 22 2
2 Diamond 3um - 60 150 Comp 18 3
3 Diamond 1 um - 60 150 Contra 18 5

(*) Speed (a) refers to the head speed and speed (b) refers to plate speed

3.3.1 Etching

Depending on the microstructure to be revealed, two different etching solutions
were used to characterise the steel. In the revealing microstructure, the sample’s
surface is submerged in the reagent during a determined time. This procedure is
after polishing the surface until a mirror-like surface as it was described in the last
section.
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The first etching to characterise the material was nital. In the revealing of the
microstructure was used a concentration of 2% nital. The solution consists of a
combination of 98ml of ethanol and 2ml of nitric acid at room temperature. The
samples immersed until the mirror-like surface starts to lose brightness, and a
contrast change in the sample is observed. This process occurs between 5 to 25
seconds of etching. The nital is the most common etching to reveal the final
microstructure in steels””.

Picral

The prior austenite grain size (PAGS) was revealed using picric acid in a saturated
aqueous solution. The picric acid was dissolved in distilled water, additionally,
hydrochloric acid (HCI) and a wetting agent was added to the solution. The
chemical composition of the steel will determine the quantity of each component.
F. Vander Voort, Brewer, F.G. Caballero, et al. have pointed out the challenge of
revealing austenitic grain, this is because it depends on some variables such as
chemical composition and heat treatment of the material’7°8>. The difficulty of
revealing the austenitic grain size increases when C < 0.3% and P < 0.010% in the
alloy composition. Brewer recommends increasing HCl addition in etching when
the carbon content is small8.

To start with the picric acid concentration was used in the previous works
reported by Romano-Acosta®® and Rakshe87 as a base recipe. In those works, the
steel has a chemical composition of 0.07% C and 0.012% P in the Romano-Acosta
material and 0.20%C and 0.015% P in the Rakshe material. The etching used in
the X80 steel was found after different variations in the quantity of picric acid, HCL
and wetting agent. The description of the procedure appears in the next
paragraph.

The temperature is a fundamental parameter during the etching. The picric acid is
saturated at 1.3% of the weight at room temperature, however, when the
temperature is heated to 100 °C, it is possible to saturate until 6.6% of picric
acid®889, The solution was made at room temperature with 120 ml of distilled
water, and 4.2 g of picric acid crystals. Then it was stirred for 4-5 min, and at the
same time, the solution began to heat up to 70°C, until the crystals of picric acid
were dissolved. Afterwards, 1.2 g of Sodium dodecyl (wetting agent) was added.
After the addition of the wetting agent, a foam appears on the top of the solution.
[t is necessary to stir for 2-3 min until the foam starts to settle down because the
foam could affect the etching causing pitting.
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Finally, the solution is heated to 80 - 90 °C. Then, the HCL is slowly added to the
solution starting in 15 drops. Because the fresh solution is overly aggressive with
the steel, it has to mature using 6 dummy samples for 5 min each. The solution is
ready to use when the colour has been swapped from bright yellow to dark pale
orange. Figure 58 shows the solution before the dummy samples were added and
when the solution has matured. The prior austenite grain size was determined in
quenched samples at the austenitising temperatures of the different heat
treatments.

00

Fisherbrand® = Merbrang® X

150

% 250mlp 5 - T

Figure 58 Picric acid solution at 80°C a) before the dummy samples were added
and b) matured solution after dummy samples.

3.4 Prior Austenite Grain Size measurement

To calculate the average grain size is selected the standard ASTM E112-13 11. In
this standard, it was utilised the lineal Intercept Procedure for this
measurement??. The procedure specifies that the interceptions of grains should be
more than 50. All the samples had at least 70 measurements, and it used at least 6
lines in every condition. Equation 12 is used to determine the standard deviation
(s) and the 95% of confidence in the calculus (95% CI)?°.

95% CI = t=2.571 12

1 \/ﬁ

s_[zui—;?)z% txs
N
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3.5 Scanning Electron Microscope (SEM)

The Scanning Electron Microscope is used to observe the microstructure that could
not be observed in the Optical Microscope. To start the characterisation, the sample
was etched with nital 2%. The equipment FEI Inspect F50 was used in this
technique. The parameters used in the SEM were 20kV voltage, a spot size of 4.0,
sample distance between 9.5 and 11 mm and 1,000X - 10,000X magnifications.
Table 8 illustrates the capabilities of FEI Inspect F50.

Table 8 FEI Inspect F50 specifications and capabilities8é.

Source Field Emission gun
Acceleration voltage 5kV to 30kV

Point resolution 1.4 nm

Tilt +90°, -10° (holder specific)
Magnification 50 to 150,000 X

Elemental Analysis Aztec EDS

3.6 Electron backscattering diffraction (EBSD)

Electron backscattering diffraction (EBSD) is a useful technique to evaluate
microstructural characterisation and crystal structure behaviour. Using EBSD, it is
possible to obtain different properties such as grain size, misorientation,
constituents of phases and crystallographic texture. Similar to that of optical
microscopy, the preparation of the EBSD samples used the same parameters that
are shown in Table 7. Additionally, to that process, after the 1 um cloth polishing,
further polishing was performed using colloidal silica (0.5 um) for 20 minutes. The
colloidal silica must always be used with water to avoid drying in the cloth
polishing because that contaminates it. After the colloidal silica, the cloth polishing
is cleaned and then the sample is polished again for 10 min using only water.
Finally, ultrasonic cleaning is used for 20 min to remove the colloidal silica
remainder in the sample.

In the testing was used a FEI Inspect F50 microscope with a 20-kV voltage and spot
5.0, focusing at 10,000 magnifications in the evaluation. Then, the sample is tilted
70° with the reference to the horizontal plane. After that, the holder is adjusted the

y” and “z” axis reference until the working distance respecting the beam is 19.8
mm.
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Then, the charge-coupled device (CCD) detector is positioned at a distance of 152.4
mm from the sample. To analyse the misorientation and microtexture the step size

. 1 L
accepted is at leastE of the grain size measurement®l. The samples were analysed

with a step size of 0.2 pm. The index rate in the analysis had variations from 78%
for martensite to 94% for pearlite and ferrite structures. The data were processed
and evaluated in HKL Chanel 5 software.

3.6.1 Determination of volume fraction using EBSD software

To determine the phases and the volume fraction, the samples were analysed using
the EBSD. In all the EBSD analyses, the collected data obtained at least 86% of the
indexing rate. The only samples that obtained less indexing rate were the samples
at 50°C/s of cooling and austenitisation temperature of 1200°C and 1300°C, which
in these conditions obtained 78%. The data was processed in the HKL Channel 5
software by Oxford instruments.

The software analysis started with the subsets; this allowed focusing on a specific
zone. Also, the selection of subsets avoids scratches zones or obvious miss-indexed
points. As a previous step in constructing the map, each subset noise reduction
function was utilised. The noise reduction consisted of two types: the first is the
wild spikes, and the second is the zero solutions. The first step in the subsets noise
reduction was the processing with the wild spikes function.

The wild spikes function identified isolated points which could not index correctly.
When a pixel does not match with a similar orientation with its surroundings, the
wild spike function extrapolates the pixel for one which fits with the near pixels.
This function is utilised to identify the non-indexed pixels and change them into
indexed pixels. Then, it is used the noise reduction function; this function removes
the “zero solutions”.

The zero solutions isolate the incorrect index points because of the polishing issues
or surface pollution. The indexed levels of noise reduction are between 8
(minimum) to 1 (maximum). This function takes in a non-indexed pixel the
reference of the neighbours, and it will be substituted with the most common
orientation of their neighbours. The function starts with pixels with indexed levels
of 8 and continues until it reaches 1. In the present work, the filter was used until
the non-indexed pixels achieved levels of 0.5% maximum; this value was
commonly in level 5 of noise reduction.
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Different maps in the EBSD were constructed to separate the present phases in
each sample. The maps used in this work were band contrast (BC) or image quality
(IQ), band slope (BS), and inverse pole figure (IPF). The higher values in BC and BS
mean a high-quality diffraction pattern; contrary, deformed regions show a low BC
value. Different filters such as grain orientation spread (GOS), aspect ratio, grain
size, and grain boundaries were used to identify and separate the phases. The maps
constructed to analyse the sample with a 50°C/s of cooling rate and 1100°C of
austenitisation temperature are shown below. The rest of the EBSD maps related
to the other conditions are shown in Appendix II. All the conditions were analysed
with the same identification parameters for phase separation.

Band contrast and band slope are related to the Kikuchi pattern®?. BC is associated
with image quality; BC measures the average Kikuchi band intensity concerning
the pattern intensity®293. At the same time, BS measures the gradient of maximum
intensity compared to the background and the Kikuchi band. The Tango section in
HKL Channel 5 software constructs BC and BS maps in scales of black and white;
the scale starts from 0 (white) to 255 (black), and the colour is assigned to each
pixel according to BS or BC value.

Figure 59 shows a BC and BS map of the sample with 1100°C and 50°C/s of cooling
rate. Lower numbers (close to white) of BC and BS indicate that the pixel pattern is
near the solution determined by Channel 5 software. The HKL Channel 5 software
evaluates BCC and FCC crystal structures; therefore, when BC or BS values are
higher (dark pixels), the crystal structure is not similar to the software solution.
Because most of the indexed pixels are matched with BCC structure, darker pixels
of BS or BC maps relate to an imperfect BCC crystal structure or defects.

The analysis of EBSD is based on grain detection and pixels. The misorientation
angle delimitation was the first step in detecting the grains in a selected area. After
this, the detected grains were ordered according to phase criteria. The
misorientation angle and a minimum grain area were used to define the grain
criteria. The misorientation angle criteria were equal to or greater than 5°, and the
minimum grain area criteria were higher than 0.4 pm? or 10 pixels.

The separation of phases carries through the following steps. Firstly, retained
austenite was identified with the FCC crystal structure; the EBSD detected this
structure automatically. Figure 59 shows the retained austenite in green colour
using the FCC filter. Then, the process continues with the martensite; this phase
has a body-centred tetragonal (BCT) crystal structure. The carbon content
determines the lattice parameter of martensite. Nevertheless, the BCT structures
cannot be detected in the EBSD. Thus, the BCT structure is indexed as a BCC
structure with distortions. As a result of this distortion, the BCC structure shows a
poor-quality pattern.
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Figure 59 a) Band contrast map and b) Band slope map, Grain boundaries > 5° of
X80 steel using a holding temperature of 1100°C and cooling rate of 50°C/s and
their pixel distribution.

To continue with the phase discrimination, it was used a threshold value. This value
was applied in the BC and BS maps to separate the martensite of the other BCC
structures. BC and BS maps are constructed per pixel, meaning that an interval of
BC and BS values does not have any grains. Therefore, all the pixels inside the
grains are averaged to determine the BC or BS grain value. Following the previous
criteria of BC and BS maps, dark grains are classified as martensite, while shiny
grains are associated with ferrite?4. The division of martensite from ferrite was
done with the BC average distribution in each subset 959, Figure 60 illustrates the
grain averaged BC map with its distribution in the sample at 1100°C and 50°C/s of
cooling rate, and the grain boundaries equal to or greater than 5° appear in green.
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Figure 60 Grain averaged BC map of 1100°C and cooling rate of 50°C/s, green lines
indicate the grain boundaries greater than 5° and its distribution.

After separating martensite from ferrite, the process continues with bainite from
ferrite separation. One of the criteria to separate the bainite ferrite from the
polygonal ferrite is the dislocation density associated with defects inside the
grains. Another way to distinguish bainite ferrite from polygonal ferrite in EBSD
maps is by using a grain orientation spread (GOS) filter. GOS is associated with the
change of orientation degree between each pixel inside the grain and the average
misorientation inside the grains?’. Figure 61 illustrates the grain orientation
spread map and distribution in the sample at 1100°C of austenitisation
temperature and 50°C/s of cooling rate. Thereby, when the grain shows a high
value of GOS, there is a high misorientation level inside that grain. The high level of
misorientation indicates that the phase keeps numerous defects, but it could be a
result of the displacive transformation associated with the bainite.
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Figure 61 Grain orientation spread map of 1100°C and cooling rate of 50°C/s
sample and the distribution histogram

The low grain orientation spread map shows an absence of internal misorientation
inside the grain; this is a common feature of polygonal ferrite because it maintains
a clear and well-organised phase. Figure 62 shows a minimum misorientation of
2° in low-angle grain boundaries; the grain boundaries appear in blue. The bainite
ferrite substructures are related to a misorientation of 2° in grain boundaries; at
the same time, this matches with the high values of grain orientation spread?89°.
Depending on the GOS distribution, it is possible to separate the bainite ferrite from
the polygonal ferrite. The GOS value in deformed samples has an interval between
1 and 1.25, while in non-deformed samples depends on GOS distribution100.101,
Moreover, another difference between polygonal ferrite compared with bainite
and martensite is the low aspect ratiol02. Additionally, the GOS map was added to
the grains with an aspect ratio restriction; thus, the polygonal ferrite grains are
restricted to a maximum of 1.7 aspect ratio. The low GOS value in the grains (blue)
isrelated to a higher low aspect ratio or equiaxed shape and maintains a small grain
size.

Figure 63 shows the inverse pole figure map (IPF) at 1100°C and a cooling rate of
50°C/s sample. The maps did not show a defined texture orientation in one
direction of the BCC structure. This non-defined texture did not exist because the
material was not deformed; if the material were laminated, the texture direction
must be [111] in the BCC structure.
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Figure 62 Grain boundaries misorientation map of 1100°C and cooling rate of
50°C/s with their distribution. Blue lines represent 2° to 5° of misorientation, and
black lines represent misorientation higher than 5°.

Figure 63 Inverse pole figure map of 1100°C and cooling rate of 50°C/s sample and
their orientation legend.
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3.7 Transmission Electron Microscopy (TEM)

A transmission electron microscope was used to observe the distribution and size
of precipitates. A JEM-F200 microscope by the JEOL manufacturer was used in the
analysis. Table 9 illustrates the equipment capabilities. In order to observe the
precipitates in the TEM, a carbon extraction replica technique was used, which will
be explained in the next point.

Table 9 JEM-F200 specifications and capabilities193.

Resolution Point to point 0.19nm
TEM lattice image 0.10nm
STEM HAADF image 0.14nm
Magnification TEM 20X to 2,000,000X
STEM 200X to 150,000,000 X
Electron gun Schottky field emission gun
Acceleration voltage 20to 200 kV
Tilt angle +80°

Carbon extraction replica

Carbon extraction replicas were used to reveal the precipitates in different
microstructures. In the extraction replicas, the changes in size and distribution of
precipitates can be observed. Using this technique, the precipitates hosted on the
surface are extracted from the sample by the addition of a carbon layer on the
surface. Then, the carbon replica is dissolved with nital 10%. Finally, the sample is
submerged in isopropanol until the carbon layer floats in the solution. Then, the
film is taken with a 3.05 mm diameter mesh support grid. Figure 64 shows the
representation of the process. The carbon replicas films allow us to observe the
extracted particles in the matrix.

The carbon extraction replica starts with polishing, this process is done using the
parameters described in Table 7. After that, the samples are etched with Nital 2%
in a slightly way avoiding an overetching. The etching reveals the microstructure
and the precipitates. Following this, carbon is obtained with a carbon coater; this
equipment operates at a high vacuum. The carbon film must be from 6.5 to 7.0 nm,
that layer allows to distinguish the precipitates in the TEM. Afterwards, the sample
is covered with varnish in the zones that will not analyse.
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Also, to extract the replica is necessary to do a grid using a precision cutter ticking
squares around 1 mm x 1 mm. Then, the samples were etched with Nital 10% until
the carbon replica was released from the steel surface, after which the sample was
submerged in isopropanol enabling the replica to float to the surface. Finally, the
carbon replicas were picked up using the Copper/Palladium mesh support grid.

Precipitates

TR

— Matrix

After etching

Before etching

Carbon replica

Carbon Lo e

— Matrix > |

Coating After electro-
etching in nital

Figure 64 Representation of carbon extraction replica techniquel04.

The carbon replicas were observed at different magnifications in the JEM-F200.
After that, the images were analysed at different austenitisation temperatures and
cooling rates to visualise the effect of those parameters in the precipitates.

3.8 Critical temperatures of transformation

Transformation temperatures are an important part of steel characterisation.
Critical temperatures are necessary to understand the phase transformation of
austenite grains and the subsequent effect on the mechanical properties. Also, the
transformation temperatures are affected by heating/cooling rate. When the
heating rate is increased, the Ac temperature elevates as well. While the cooling
rate has the contrary effect, high cooling rates decrease the Ar temperaturel%. Ac
and Ar temperatures are not only influenced by heating and cooling rates. Also, the
transformation temperatures are affected by chemical composition and prior
austenite grain size of the material 37.
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3.9 Simulation Software

To obtain the CCT Diagrams was used the JMatPro Software (Java-based materials
properties acronym). JMatPro is utilised in the calculation of phase transformation
temperatures and the CCT diagram. Additionally, the software calculates different
properties such as Young’s modulus, thermal conductivity, volume fraction and the
Poisson's ratio in each phasel%. In the evaluation of the CCT diagram, it is
necessary to introduce the chemical composition, austenite grain size and
temperature of austenitisation.

To determine the CCT diagrams, the software is based on the model of Kirkaldy et
al 197, JMatPro uses the the Kirkaldy model in the transformation calculus of ferrite,
pearlite and bainite in HSLA steels 106108 The general formula to determine the
time (7) to transform an austenite fraction (x) at Temperature (T) is shown in
Equation 13 109,

X

1 dx
0

Where:

N-1
o= 2,8( )/2'

B = empirical coefficient

N = ASTM Grain Size

D = effective diffusion coefficient
AT = difference in temperature

q = exponent depending on effectiveness in the diffusion mechanism
3.10 Temperatures of phase transformation

Dilatometry is used to measure the volume changes which takes place as a function
of the temperature. Usually, it is used on small samples to determine phase
transformation and thermal expansion coefficients. Dilatometry measures the
change of length in the material as a consequence of volume change in the
transition zone. During the test, it is used a specific heating and cooling rate.
Dilatometry is also used in the analyse of structural defects such as dislocations,
vacancies and grain boundaries. This technique has the clear advantage of
simplicity during testing and the consequent interpretation of results 110111,
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Figure 65 illustrates a dilatometry curve in a carbon steel with a chemical
composition of 0.58% C, 0.024% P, 0.92% Mn, 0.033% S, 0.25% Si 110111 The curve
illustrates the contraction in volume during heating and expansion upon cooling.
During heating, the contraction in the expansion rate indicates the change from the
more openly packed bcc phase (ferrite) to the more closely packed fcc phase
(austenite). The opposite effect appears during cooling where the expansion in
volume indicates the change from the fcc to the bcc phase.

The dilatometers have different devices to support the testing which are divided
into control and mechanism. The thermal cycles are controlled by a computer
which it is used to store and export the data. The dilatometry uses a cooling and
heating mechanism to keep the thermal cycle programme, also it makes use of
transducers to measure temperature, time and change of length during testing
(Figure 66)111, During the cooling cycles, helium is normally used to enable high
change rates because the helium thermal conductivity is six times that the nitrogen.
The testing with steel normally uses an inert atmosphere chamber to decrease the
decarburisation and oxidation degree 112,
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Figure 65 Expansion rate variation in a carbon steell10.

Dilatometry testing was performed using a Gleeble 3800. The test was done in the
Research and Development Laboratories of Ternium Mexico. The equipment works
with a system of direct resistance with an inert gas chamber during the test. The
cooling system is through the clamps which are manufactured with copper. Prior
to testing, thermocouple was welded in the middle of the sample using a K-type
thermocouple. The equipment measures the temperature setpoint every 0.005
seconds allowing high accuracy during the test. To measure the length change uses
a sensor of displacement. Figure 67 shows the dilatometer mechanism utilised in
the measurement of length change.
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Figure 66 Diagram of rod system dilatometer for measurement of length 111,

Figure 68 illustrates the sample drawing of dilatometry. The sample consists of a
cylindrical bar with holes in the extremes to communicate the cooling through the
copper clamps. The length of the sample is in the same orientation as rolling
direction. The measured area of the thermal expansion is located in 5 mm in
diameter and 5 mm in length. The small dimension allows us to measure quick
temperature changes 112,

The experiment was conducted to assess how the cooling rate and prior austenite
grain size influence the transformation behaviour of the material. Dilatometry
testing was used to determine the transformation temperatures during both
heating and cooling phases at various cooling rates. The transformation
temperatures are directly affected by the cooling rates and prior austenite grain
size. In all samples, the heating rate was maintained at 10°C/s. The test started at
room temperature, it was selected at three cooling rates and two austenitisation
temperatures. The cooling rates were 0.5, 5 and 50°C/s. The austenitisation
temperatures were 900°C and 1200°C, those temperatures allow us to analyse the
effect of those temperatures on fine and coarse prior austenite grain size. It is
expecting a linear behaviour in transformation temperatures during cooling
according to Yuan and Mintz calculations!13114<sup>114</sup><sup>114</sup>. To
obtain a homogenised temperature and microstructure was selected for 12 min of
holding 115, Figure 69 illustrates the heat treatment performed in the dilatometry
test.
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Figure 67 Gleeble 3800 dilatometer utilised in the measurement of phase
transformation.
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Figure 68 Drawing of dilatometry sample used in the testing.

Austenitization temperature
900°C, 1000°C, 1100°C

1200°C, 1300°C @12 min
(&)
L
ol i
3 0», Cooling rate
© S 0.5°C/s
o R 5°C/s
£ 50°C/s
2

0

Time (s)

Figure 69 Heat treatment schematic used in the dilatometry test.
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3.11 Prediction of transformation temperatures

Empirical formulas are used to approximate transformation temperatures quickly.
Chemical composition, cooling rate and austenite grain size are parameters used in
the formulas by several authors. Table 10 shows equations to calculate Aci, Acs, Ar1
and Ars utilised during the experiments. Section 4.2 will report the variation
between the experimental transformation temperatures and the prediction
equations of transformation temperatures.

Table 10 Equations of austenite transition temperature by various authors
(weight in %).

Author Equation Notes

Andrews!’® | A¢,=723-20.7Mn- 6.9Ni+16.9Cr+290As+6.38W
Ac3=910-203V(C-15.2Ni+44.7Si+104V+31.5Mo+13.1W

Trzaska''?7 | Ac;=742-29C-14Mn+13Si+16Cr-17Ni-16Mo+45V+36Cu
Ac3=925-219vVC-7Mn+39Si-16Ni+13Mo+97V

Eldis 118 Ac1=712-17.8Mn-19.1Ni+20.1Si+11.9Cr+9.8Mo
Ac3=871-254.4y/C-14.2Ni+51.7Si

Choquet 1 | Ar;=902-527C-62Mn+60Si

Ouchi Ar3=910-310C-80Mn-20Cu-15Cr-55Ni-80Mo+0.35(h-8) h=thickness plate
120,121
(mm)
Shiga 122 Ar3=910-273C-74Mn-56Ni-16Cr-9Mo-5Cu
Yuan 113 Without hot deformation D,=grain diameter of

austenite (um)

— _ﬂ _ 01 _ 2
Ar3—370exp[ 6_7] 325CR" — 5649Nb +78194Nb? +1019 | -7 KEL o)

Mintz 114 D,=grain diameter of
Ar3=833.6-190.6C+67.4Mn+1522S-2296Ny;- austenite (pm)
1532Nb+7.91d~%/2-0.117Cx Cr=Cooling rate (°C/s)

Nr;=N; - % where
N,= total content of
nitrogen

3.12 Austenite heat treatment

The austenite grain size required a heat treatment to reveal the grain borders. To
reveal the grain borders was used quenching. In this treatment, the samples were
heated up at 900°C, 1000 °C, 1100°C, 1200°C, 1280°C and 1300°C for 30 min in a
furnace 115, and then it was immediately thrown in the water to obtain martensite.
At 1280°C, it is expected that all the niobium precipitates are dissolved. The
samples were cut into 12mm x 12 mm x 30 mm. The holding time was selected to
homogenise the transversal area and have a uniform grain size. A thermocouple
was located inside the furnace chamber to control the temperature.
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3.13 Thermomechanical testing

The heat treatment simulation was done in the thermomechanical compression
(TMC) machine at The University of Sheffield. The TMC was utilised only to
perform the heat treatment without any compression. The machine works with a
servo-hydraulic system. The equipment controls different parameters such as:
displacement, velocity, temperature, holding times and heating/cooling rates. TMC
works with a Fast-Thermal Treatment Unit (FTTU), this system is used to control
the temperatures during the heat treatment. FTTU consists of two devices, the first
is an induction coil heater and the other is a cooling control. The cooling control
uses air, water or mist to force the temperature reduction. Figure 70-a illustrates
the TMC machine and Figure 70-b the sample during the heating in the FTTU. The
TMC specifications are shown in Table 11.

b)

Figure 70 a) Thermomechanical controlled processing machine. b) Sample in the

FTTU chamber.

Table 11 TMC specifications of temperature, FTTU and hydraulic system123,

Machine characteristics

Actuators

Servo-hydraulic

Maximum strain -2
Maximum strain rate 150-200 1/s
Maximum deformation temperature 1200°C
Maximum load 500 kN
Machine stiffness 410 kN/mm
Maximum FTTU reheating temperature 1300°C

Full quench start time

<0.5seconds from the end of deformation

Controllable cooling variables

Forced air, mist and water quench

Reheating rate

Rapid and controlled heating (up to 1300°C)

Atmosphere control

None (natural air)

Temperature measurement

Up to 3thermocouples inside in the PSC sample
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Figure 71 illustrates the plain strain compression sample (PSC) used in the TMC
machine. The sample was machined with the 60 mm length parallel to the direction
of plate rolling. The sample has a drilled hole in the middle of the sample. The
thermocouple was positioned in the hole, located 10 mm from the surface. The
equipment registers the temperature every 0.20 seconds. It was used a
thermocouple type K in all the testing.

REMOVE CDGE TYPICAL i

2.0

80 | L.

g ‘ )

All dimensions in mm
|
Sheffield PSC SDECImeﬂ 1 m 1 1.1 mm dia. hole for thermocouple
1 | located at mid-theckness (5 mm
\
r. a) For temp. conirol only, hole is
located just outside 15 mm
2300 _ FFEE deformation zone to a depth of
Pes ) 7 5 mm
\\ ¢ X0 4 e 3.0
y ! 3 | A b) For measurement of
O ~_® ! L 77 : ation heating, hole is
7, Is located m the muddie of the
CUTTER PROFILE 7 Y / specimen to a depth of
¥ / 15 mr

SICTION A=A

Figure 71 Drawing of PSC sample used in the TMC machine.

3.14 Heat treatment simulation

To simulate heat treatment conditions in the thermomechanical controlled
processing machine was used plane strain compression testing (PSC). This testing
is normally used to simulate deformation on a flat surface in hot conditions.
However, it was used during the experiments to simulate the heat treatment
because the control of temperature is extremely accurate in the test. Figure 72

represents the PSC diagram and how the sample is located inside the FTTU
chamber.
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Figure 72 Diagram of plane strain compression used in the testing 124.

Figure 73 shows the heat treatment diagram used in the PSC testing. The heating
rate was 10°C/s, to homogenise the microstructure was selected a holding time of
30 min. With that holding time, it is possible to complete the phase transformation
from bcc to fcc 115, In the design of the thermomechanical route was considered the
interval of heat affected zone (HAZ) temperatures. In the HAZ, the recrystallised
zone has a range of temperatures from 900 to 1100°C, while the grain growth zone
includes temperatures from 1100 to 1500°C. As the TMC has a temperature limit
of 1300°C, austenitisation temperatures between 900°C and 1300°C were used.

In the cooling process, three different temperatures were selected. The cooling
temperatures were 0.5, 5 and 50°C/s. To obtain 0.5 and 5°C/s was used air cooling
while to achieve the cooling rate of 50°C/s was used air-water mist. Those cooling
rate temperatures are used to analyse the microstructure behaviour in the two
ways of crystal atomic partition. Those mechanism transformations are
reconstructive and displacive. In the process design, it was obtained 15 different
heat treatments allowed us to observe the microstructure evolution and the effect
on mechanical properties.

Austenitization temperature

900°C, 1000°C, 1100°C
1200°C, 1300°C @30 min

Cooling rate
0.5°C/s

5°C/s
50°C/s

Temperature (°C)
Z
%o

Time (s)

Figure 73 Heat treatment schematic in the thermomechanical processing test.
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3.15 Characterisation after heat treatment simulation

In the characterisation of PSC samples, it was necessary to remove 0.045 mm from
the surface of the sample because of decarburisation. In high temperatures above
1200°C, samples were more affected by the decarburisation12>. The removal of
material was used to avoid misleading measurements in the mechanical properties
testing. To characterise the material was used an area near the thermocouple hole.
The thermocouple hole is located at 10 mm of the surface. Figure 74 shows a PSC
sample after the heat treatment.

Figure 74 PSC sample after the heat treatment, the sample was processed at 1300°C
and 5°C/s of cooling rate.

3.16 Evolution of microstructure

During this analysis, the evolution of microstructure was quantified through
different austenite grain sizes and cooling rates. PSC samples were heat treated
according to the profile illustrated in Figure 73. After the testing, the samples were
cut according as described in Section 3.15. The first analysis was done in optical
microscopy. Then, the samples were reviewed in SEM described in Section 3.5.
After that, it was done the EBSD analysis, in this test was used 5 x 5 x 11 mm area,
and the samples were polished according to Section 3.6. The volume fraction was
performed in EBSD software according to the Section 3.6.1. Then, the precipitates
were analysed in the TEM with the carbon replica extraction technique. This
sample preparation was utilised in the procedure of Section 3.7.
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To measure the austenitic grain size was used the procedure of Section 3.12.
Etching using the aqueous solution of saturated picric acid was used to reveal the
grain boundaries. Then, the dilatometer was used to evaluate the transformation
temperatures, this technique was utilised according to Section 3.10. In the end, it
was tested different mechanical properties such as hardness, tensile test and
impact test. The impact test includes different test temperatures to evaluate the
behaviour in freezing conditions. The mechanical properties will be described in
the next section of this Chapter.

3.17 Mechanical Properties

Hardness testing

Hardness is a useful method to quickly determine material strength. The pyramid
indentation shape was used in this test. To measure the Vickers microhardness was
utilised the Durascan 70 equipment. The load was 1 kg, this force is equivalent to
HV1. The samples were polished according to Section 3.3, and it was performed by
making 12 indentations in each sample. The ASTM E384-17 126 standard was used
to determine the indentation distribution.  Figure 75 illustrates the pyramid
indentation shape and the recommendation of space distribution.

The Vickers microhardness value (V) is obtained with the load (P) in kilograms
divided by the contact area (Ac) printed in mm2. To calculate the area is used the
mean diagonal di (Equation 14). To measure the indentation was used a light
microscope image. The Durascan 70 is equipped with a filar micrometre that allows
measuring the diagonal.

,_ P _1854p ”
s
a) _________ b) 25dwW

N 25dW |——dk——

y — 25dV
d d K = Knoop Diagonal }'—~|
d W = Knoop Width e e

1 dV = Vickers Diagonal T

J 6o b 25dV

i

Figure 75 a) Shape of Vickers pyramid indentation, b) Minimum space between
indentations according to the standard ASTM E384 - 17 126,
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Tensile testing

The tensile test is one of the most important destructive tests used for evaluation
of mechanical properties. The test uses a specific velocity of deformation until the
specimen fails. The sample is fixed through clamps in the extremes where the
tension force is applied. During the test, the deformation is measured in the centre
(gauge length) of the sample using a video extensometer, and the force is measured
through the cell. Following thermal processing, tensile bars were machined from
the PSC samples, where the tensile axis was parallel to rolling direction. The
samples were machined according to Figure 76-a. Electric discharge machining
(EDM) was used to avoid the machining heat affecting the microstructure of the
samples. Also, the EDM affords strain free cutting during the process.

Tensile testing was performed using a Zwick Roell machine model Z050 kN, using
the 50kN load cell. Samples were fixed to the crosshead and test frame using a
modified Zwick Roell grip. The grips have a modification which consists of clamps
type “U” with 4 bolts in the extremes. The clamps put pressure on the sample and
do not allow slip during the testing. The possibility of slip during testing is more
likely as these test samples are sub-sized according to the ASTM standard. With the
addition of clamps type “U”, any slip that may have occurred is avoided (Figure 76-
b). Figure 76-c illustrates the machining orientation to obtain the tensile samples
through the PSC sample. The thickness of the PSC sample was 10mm; however,
before the tensile sample machining, the oxidation was removed (~1mm).

An optical extensometer was used to measure the elongation along the gauge
length. To have a reference was used 2 wires glued in the middle of the tensile
sample. This gauge length was measured as 11+1 mm (Figure 77). During the
tests, a video extensometer was used to measure the gauge length. The tensile
samples are shorter than the sub-sized standard ASTM E8. Because of this, the
crosshead velocity was changed according to the standard. To determine the yield
strength in a closed loop control system, it was utilised the video extensometer
signal. The ASTM E8 specifies a straining rate set velocity, which should held at
0.015 *:09¢ mm/mm/min?7. In the testing, the crosshead speed was 0.18mm/min
in all the samples. At the initiation of the test, the cross-section was measured with
a digital caliper.
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Figure 76 a) Drawing of tensile samples used in the testing b) Grips with clamps

type “U” to avoid slipping during the test, c) PSC sample machining orientation to
obtain the tensile specimen.

The machine registers the load and gauge extension during the test. With this
output data, it is possible to obtain the engineering stress (o) and engineering
strain (¢ ) (Equation 15 and 16). Where the tensile load is P, the initial area is Ao
(Eq 15), and Lo and Lf are the initial and final gauge lengths (Eq 16).
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The flow stress engineering curve was calculated with the output data. This curve
permits obtaining a variety of mechanical properties such as yield stress (YS),
elastic modulus (E), tensile strength (TS), total elongation (et), area reduction (ar)
and uniform elongation (eu). To calculate the yield strength, a line is drawn
originated at 0.2% strain that is parallel with the elastic modulus. The point where
this parallel line intersects with the engineering stress-engineering strain curve
represents the yield stress. For the tensile stress, it will be indicated by the
maximum stress, prior to the drop-in stress due to the development of a triaxial
state of stress in the form of a reduced cross section. Equation 17 represents the

percentage of elongation increase (%El) and Equation 18 illustrates the percentage
reduction in the cross-section area (%Ra).

AL
%EL =~ x 100 17
0
Ag_ As AA
%Ry = —— x 100 = —— x 100 18
0 0

Where Afrepresents the cross-section area at the fracture zone.
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Figure 77 Tensile sample before and after the test, the scale is represented in
centimetres.
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Impact testing

The impact test is used to determine the capability of a material to absorb energy
during fracture. The Charpy test is the standardised method to measure the
absorption of energy. The test utilises a pendulum with a standard weight and
length which drops from a distance to impact the sample. The sample is machined
with a “V” notch in the middle. The transferred energy to the sample is measured
by comparing the height change in the hammer after the fracture.

Charpy impact testing was performed using a Zwick Roell model HIT50P, using a
50] pendulum. The standard ASTM E23-18 was used to machine the samples128.
The samples were machined according to a quarter sub-size Charpy with a
thickness of 2.5 * 0.025mm. The width was modified to 9.1 mm because the PSC
sample does not have enough area, and the length was machined 57.5 ¥33 mm
(Figure 78). Electric discharge machining (EDM) was employed to cut the samples,
mitigating the effects of heat during machining. The reduction in width will result
in decreased energy absorption, although all the samples will be machined to the
same dimensions, enabling a comparison of energy absorption across all possible
heat treatments.

+.025
45.00°£1° ﬂ }‘* 2.50 025

k R.25 !

Al

——— 7.10 1923

T

+.025
-.025

oY

250
B I E—— ——————————————————
5750230

9.10

Figure 78 Drawing of sub sized Charpy sample used in the impact test 128,

At lower temperatures, the steel is characterised by embrittlement. In the test, it
was used 3 temperatures to analyse: 20°C, 0°C and -50°C. The temperature
tolerance during the test was + 1°C. To achieve the 0°C was used only ice, while it
was utilised a cooling bath to obtain -50°C 129, The cooling baths consist of a
mixture of solvent with a cryogenic agent such as ice, dry ice (CO2) or liquid
nitrogen. To obtain -50°C, it was blended dry ice with m-Xylene (thinner) and the
temperature mixture was monitored with a thermocouple type “K”. To obtain the
testing temperature, it was used a recipient with the thermocouple at the bottom.
After that, the dry ice was added (-78°C), and then m-Xylene was slowly aggregated
until -50°C was reached (Figure 79).
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Figure 79 Cooling bath using a mixture of dry ice and m-xylene at -49.6°C.

Summary

Chapter 3 explains the experimental procedure utilised in the present work. This
chapter starts with the chemical composition of the material and dimensions. It
continues with the different metallurgical techniques, starting with nital and
saturated picric etching, measurement of prior austenite grain size and the
characterisation in different microscopes such as optical, SEM, EBSD and TEM.
Then, it describes the critical temperatures using dilatometry and empirical
formulas. Afterwards, it explains the heat treatment simulation using the PSC
samples. Finally, it describes the mechanical testing utilised for the measurement
of mechanical properties, including microhardness, tensile and impact.
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Chapter 4

Results

4.1 Initial Characterization

The X80 steel was characterised by optical microscopy and SEM on sections that
were transverse to the rolling direction. The general microstructure was
characterised using 2% nital (Figure 80-81). The microhardness value of the
material was 231+4.1HV. The microstructure showed an acicular ferrite (AF) as
the dominant microstructure. Figure 80 shows the microstructure in the optical
microscope, and Figure 81 illustrates the microstructure in the SEM. Figure 82
illustrates the distribution of precipitates in the carbon extraction replica. Non-
equiaxed ferrite laths were observed in a disorganised arrangement; this
microstructure is characteristic of acicular ferrite (AF). High cooling rates are
necessary to obtain an AF microstructure. PAGS was measured using the ASTM
E112-13 standard®? utilising the linear intercept method. PAGS of the raw material
were 3 = 0.17um (Figure 83).

Figure 80 Initial X80 steel microstructure, etching with 2% nital.
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Figure 81 X80 microstructure in SEM.

Figure 82 Carbon extraction replica acquired in the X80 steel.
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Figure 83 Prior austenite grain size of the X80 steel.

Figure 84 shows the macrostructure of the welding; the sample was polished until
1pm and then etched with nital at 2% 130, Different zones in the welding were
observed. First, the filler material obtained at fusion temperatures appears in the
middle of the welding. Then, two zones were observed next to the fusion zone, this
is associated with the coarse austenite and fine austenite growth zone. Finally,
after the end of those shadows, a partially recrystallised zone appeared.

Coarse austenite

Fine austenite .
grain growth

grain growth

Figure 84 HAZ macrostructure etched with nital 2%

After the microhardness measurements were performed, the material was etched
with Nital 2%. Following this, the microstructure evolution in the HAZ was
observed using the optical microscope. Figure 85 illustrates the microhardness
pattern in the welding showing three clear zones: base material, heat affected and
welding zone. The analysed zone was 10mm long, and representative
microstructures were obtained in each area.
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Figure 85 HAZ microhardness pattern in the X80 steel through the heat affected
zone in the welding. Microhardness measurements were taken from the base
material to the welding zone using a Bakelite sample.

Figure 86 represents the evolution of microstructures in the heat affected zone,
each number in the metallography represents the location in the graph of Figure
85. Figure 86 (1-4) shows an acicular ferrite structure while starting to evolve in
bigger packets and bainitic structures (Figure 86 (6-8)). A parallel morphology
characterises the bainitic structure. Figure 86-9 illustrates the fusion zone where
dendrite’s solidification can be observed. The difference in hardness is associated
with the microstructure evolution. Appendix I contains more images at lower
magnifications.

229 VHN 234 VHN
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Figure 86 Evolution of the welding microstructure.
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4.2 Transformation temperatures

Transformation temperatures were measured at three cooling rates of 0.5, 5 and
50°C/s, and the austenitising temperatures were 1200°C and 900°C. The
temperature of 1200°C was selected according to the maximum testing
temperature of Gleeble 3800 equipment. The heating rate in all the conditions was
10°C/s. During testing, Ac1 and Acs did not significantly change the transformation
temperatures. Ac1 and Acs were not reported at 900°C at 5°C/s and 50°C/s because
the samples were reused after the thermocouple misreading at 750°C and the test
was stopped. Austenite transformation was not finished at 750°C. Thus, it did not
affect the prior austenite grain size (Figure 87).

Table 12 shows the phase transformation temperatures during the testing. The
slow cooling rate increased the transformation temperatures, while fast cooling
rates reduced them. In addition, the prior austenite grain size affected the Ar1 and
Ars temperatures. At 900°C, the fine austenite grain size increased the Ar1 and Ars
transformation temperatures. At the same time, coarse austenite grain size
decreased the transformation temperatures. Some authors, such as Matsuzaki and
Bhadeshia, have reported that a finer grain size accelerates kinetics by increasing
the number density of nucleation sites 131.

Table 12 Transformation temperatures for the X80 steel with different
austenitisation and cooling rates conditions.

Sample | Ac1(°C) | Ac3 (°C) | ArR1 (°C) | AR3 (°C)
0.5°C/s 735 810 690 790
900°C 5°C/s N/A N/A 680 780
50°C/s | N/A N/A 620 735
0.5°C/s 732 811 528 615
1200°C 5°C/s 727 805 495 596
50°C/s 728 813 430 590

This phenomenon occurred because the steel achieves a thermodynamical
equilibrium at a slow cooling rate. Meanwhile, high cooling rates diminish the
velocity of atomic diffusion?32.
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Figure 87 Phase transformation dilatometry of X80 steel cooled at 0.5, 5 and

50°C/s at 900°C and 1200°C.
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Table 13 represents the calculations of transition temperatures Aci1 and Acs. The
most accurate result compared with the dilatometry was the Trzaska calculation
in Aci, while the Eldis formula was in Acs. The chemical composition was used in
these calculations.

Table 13 Temperatures estimation of Ac1 and Acs using different author formulas.

Author Ac1 Ac3

Andrews 116 692°C 864°C
Kasatkin 133 718°C 873°C
Trzaska 117 730°C 863°C
Eldis 118 687°C 813°C

Table 14 illustrates the estimation of transformation temperature Ars using the
chemical composition. Choquet calculation was the nearest to the transformation
temperature according to the dilatometry at 0.5°C/s (790°C) and 5°C/s (780°C).
Prior austenite grain size and cooling rate were not considered in the Choquet,
Ouchi and Shiga estimations.

Table 14 Calculation of Ar3 using the chemical composition of X80 steel.

Author ARr3 Notes
Choquet 119 781°C
Ouchi 120,121 744°C

Shigal22 766°C

Estimations do not use a
cooling rate

Finally, the Mintz calculation114 was used to determine Ars utilising cooling rate
and austenite grain size parameters (Table 15). The estimation was accurate in
low cooling rates of 0.5°C/s and 5°C/s using a prior austenite grain size of 3.15
um. However, in PAGs of 44.8 um, a difference of more than 150°C between the
experimental data and the formula appeared. Mintz equation1#4 was used in low
cooling rates of 0.1 to 3 °C/s and with PAGs from 70 to 950um. Another equation
to calculate the temperatures is the Yuan formulal13. However, it was dismissed
because the equation uses niobium concentration between 0 to 0.038%; the
quantity was inferior to the niobium of the X80 steel (0.094% Nb). The niobium is
a crucial element in elevating the austenite transformation temperatures,
explained in Chapter 2 of this work.
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Table 15 Mintz114 calculation using prior austenite grain size and cooling rate.

Author PAG’s Cooling rate Ars Useful parameters
0.5°C/s 788°C
3.15 pum 5°C/s 787°C (8-23'2-25;%';
Mintz14 >0°C/s 782°C 50:00—0:3)1)(:%Nnb
0.5°C/s 785°C__ | (70.0-950.0) um PAGS
44.8 pm 5°C/s 784°C (0.1 to 3) °C/s cooling rate
50°C/s 779°C

Phase transformation temperatures were performed using JMatPro version 13
software. The calculations were done at thermodynamic conditions obtaining Ac3
at 836°C and Ac1 at 680.3°C. Figure 88 illustrates the CCT diagram at 900°C and
PAGs of 3.15 um, and Figure 89 shows the CCT diagram at 1000°C and PAGs of
11.2 um; in those diagrams are observed ferrite and pearlite phases during the
transformation of 7 to a. Figure 90 shows the CCT diagram at 1100°C and PAGs
of 33.9 um, Figure 91 illustrates the CCT diagram at 1200°C and PAGs of 44.8 pym
and Figure 92 represents the CCT diagram at 1300°C and PAGs 0f 97.9 um; in those
temperatures coarse grain size appeared, achieving martensite and bainite
phases. At 1300°C, the quantity of martensite and bainite increased drastically
when the temperature was raised above 10°C/s of the cooling rate. The following
section of the chapter will explain the results of prior austenite grain size.
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Figure 88 CCT diagram of X80 steel from ]JMatPro. The temperature of
austenitisation was 900°C, and the prior austenite grain size was 3.15um.
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Figure 89 CCT diagram of X80 steel from JMatPro. The temperature of
austenitisation was 1000°C, and the prior austenite grain size was 11.2 pm.
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Figure 90 CCT diagram of X80 steel from JMatPro. The austenitisation
temperature was 1100°C, and the prior austenite grain size was 33.9 pm.
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Figure 91 CCT diagram of X80 steel from JMatPro. The temperature of
austenitisation was 1200°C, and the prior austenite grain size was 44.8 um.
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Figure 92 CCT diagram of X80 steel from JMatPro. The temperature of
austenitisation was 1300°C, and the prior austenite grain size was 97.9 um.
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4.3 Solubility of Niobium

Niobium in solution is an essential factor in grain growth and the transformation
behaviour and subsequent microstructural evolution during cooling. Therefore,
different equations were utilised in niobium solubility product calculation. The
estimation was based mainly on thermodynamic calculations, chemical division
with precipitate isolation and carbon analysis in different niobium contents
(Figure 93) (Table 16). The solubility products analysed were [Nb][C]48,
[Nb][C][N]#7 and [Ti][N] 134 At lower temperatures, the solubility of niobium was
low; however, above 1100°C, the solubility increased drastically. The material of
this study contains 0.094% Nb and 0.014% Ti, the complete solubility of these
product was obtained at 1282°C in [Nb][C]48 carbide, while in the [Nb][C][N]47 was
1292 °C and finally [Ti][N]134 nitride was 1653°C. Therefore, at 1300°C, the
niobium in the material completely dissolves in the solution, but the titanium
dissolves above 1600°C.

0.100 0.006
T 0.090 =
3 3
2 oos0 0.005 2
§ 0070 0.004 §
S 0.060 5
S 0.050 0.003 Q
£ 0.040 £

0.002
g 0.030 g
o]
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Z 0.010 =
0.000 . . . . 0.000
900°C  1000°C  1100°C  1200°C 1300 °C

[Nb][C] [Nb][C][N] [Ti][N]
log[Nb][C] = 2.06 — 2= logINb][C + =N] =2.06 22 log[Ti][N] = 5.4 — ==

Figure 93 Calculated niobium and titanium in solution using solubility product
formulas of NbC 48, NbCN 47 and TiN 134,
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Table 16 Niobium solution predicted by solubility products at temperatures
between 900°C and 1300°C.

Temperature (°C) [Nb][C]*® [Nb][CI[N]*¥ [Ti][N]*3*
900 0.004 0.004 0.000
1000 0.010 0.010 0.000
1100 0.025 0.024 0.000
1200 0.054 0.051 0.001
1300 0.105 0.099 0.005

4.4 Prior austenite grain size

The prior austenite grain size characterisation was performed using saturated
solution of aqueous picric acid. To determine the PAGs, the samples were heated
at 900°C, 1000°C, 1100°C, 1200°C, 1280°C and 1300°C. The samples were heated
for 30 min, and after that treatment, the samples were quenched. Table 17 shows
the measurements at the austenitising temperatures. To measure the PAGs was
selected the standard ASTM E112-13 1 used the linear intercept method.

Figure 94-95 shows the change in prior austenite grain size when the temperature
was increased. At 900°C, PAGs did not show a significant difference compared
with the PAGs of the raw material. At 1000°C, the PAGs did increment more than
three times the starting PAGs. At 1100°C, the rise was more than three times the
PAGs at 1000°C, while at 1100°C and 1200°C the growth continued above 25%.
Above 1200°C, the grain size increased at a high growth rate; this phenomenon is
related to the solubility of niobium carbides at high temperatures.

Table 17 Measurements of prior austenite grain size at temperatures between
900°C and 1300°C.

Temperature (°C) Grain Size (um) ASTM
900 3.15+£0.29 13.35+0.29
1000 11.2+0.88 9.7+0.22
1100 33.9+1.87 6.5+0.14
1200 44.8 +1.93 5.7+0.13
1280 77.8 £8.38 4.1+0.29
1300 97.9+18.2 3.4+0.47
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Figure 94 Prior austenite grain boundaries at 900°C, 1000°C, 1100°C, 1200°C,
1280°C and 1300°C.
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Figure 95 Prior austenite grain boundaries at 900°C, 1000°C, 1100°C, 1200°C,
1280°C and 1300°C.
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4.5 Heat treatment simulation

The TMC was used to perform the heat treatment simulation described in Section
3.14 of Chapter 3. The samples were heated between 900° and 1300°C for 30 min.
Then, each condition was processed at 0.5°C/s, 5°C/s and 50°C/s of cooling rates.
After the simulation, the samples were observed in optical microscopy and SEM,
evaluating the microstructure evolution at different austenitising temperatures
and cooling rates.

4.6 Microstructure evolution at a slow cooling rate (0.5°C/s)

The evolution of microstructure at 0.5°C/s of cooling rate is shown in Figure 96,
and SEM images appear in Figure 102. The samples were heated between 900°C
and 1300°C for 30 min. The austenitising temperature affected the PAGs. At higher
temperatures, the niobium carbides were dissolved, allowing the grain coarsening
of the austenite. Appendix I contains images at higher magnifications in the optical
microscope and SEM.

At 900°C and 1000°C, ferrite + pearlite microstructure was observed (Figures 97-
98). At 900°C, PAGs was 3.15 + 0.29um while at 1000°C was 11.2 + 0.88um.
Equiaxed grains were observed at those temperatures. At 900°C, the polygonal
shapes were well-defined (Figure 97), while at 1000°C, the polygonal shapes
started to be non-uniform (Figure 98). Figure 102 shows the microstructure in
SEM; pearlite (P) colonies in a ferrite matrix appeared in those microstructures. At
1100°C, PAGs grew to 33.9 + 1.87um; a polygonal ferrite (PF) mixture with quasi-
polygonal ferrite (QF) structure was observed. Also, it was observed areas related
to bainite (BF) (Figure 99). When the temperature increased, the PF+QF started to
vanish and the bainite transformed into the primary structure.

Finally, a bainite microstructure was observed at 1200°C and 1300°C (Figures 100-
101). At those temperatures, PAGs was 44.8 + 1.93 at 1200°C and 97.9 + 18.2 at
1300°C. The bainite transformed in the predominant structure at high
austenitisation temperatures. The displacive transformation occurred at coarse
austenite, and the supersaturated carbon plates diffused into the austenite grains.
At 1300°C, the thin plate shapes increased, regarding the austenitisation
temperature of 1200°C.
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Figure 96 Microstructure evolution between 900°C and 1300°C at 0.5°C/s of
cooling rate.
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Figure 99 Microstructure evolution at 1100°C and 0.5°C/s of cooling rate.
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1200°C @ 30 min ; F o © s 1200°C @ 30 min

Figure 100 Microstructure evolution at 1200°C and 0.5°C/s of cooling rate.

1300°C @ 30 min K iip N 1300°C @ 30 min

Figure 101 Microstructure evolution at 1300°C and 0.5°C/s of cooling rate.
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Figure 102 SEM microstructure evolution between 900° and 1300°C at 0.5°C/s of
cooling rate.
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4.7 Microstructure evolution at a medium cooling rate (5°C/s)

The evolution of microstructure at a medium cooling rate is shown in Figure 103.
The samples were heated between 900° and 1300°C for 30 min; after that, the
cooling was performed at 5°C/s. This cooling was a medium temperature between
forced cooling with mist and cooling at the environment temperature. Appendix |
contains images at higher magnifications in the optical microscope and SEM
(Figure 109).

A polygonal ferrite with pearlite microstructure was observed in the lowest
austenitisation temperature of 900°C (Figure 104). Equiaxed shape
microstructure was observed at this temperature, with a less smooth shape than
the same austenitising temperature at 0.5°C/s of cooling rate. At 1000°C, quasi-
polygonal ferrite with some areas of bainite microstructure appeared (Figure
105).

Bainite formation was massive when the temperature was elevated to 1100°C
(Figure 106). PAGs showed high growth, reaching a size of 33.9 + 1.87um. At this
temperature, the volume fraction of ferrite diminished quickly compared with the
same austenitising temperature at a slower cooling rate of 0.5°C/s. Bainite and
ferrite microstructure increased the tensile strength, which will observe in Section
4.12 about mechanical properties.

The microstructure evolves to predominantly bainite at higher austenitisation
temperatures (Figures 107 and 108). Furthermore, austenite grain boundaries are
apparent in the microstructure. The visualisation of austenite grain boundaries
areas is related to the formation of martensite-austenite constituents
(M/A)(Figure 110 and 111). The M/A constituents were distributed in the matrix.
These M/A constituents appeared equiaxed in the micrograph. The mechanical
properties were affected by the M/A constituents. This microstructure increased
the strength and reduced the ductility compared with the lower austenitising
temperatures at the same cooling rate (Section 4.12).
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Figure 103 Microstructure evolution between 900°C and 1300°C at 5°C/s of

cooling rate.
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Figure 106 Microstructure evolution at 1100°C and 5°C/s of cooling rate.
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1,200°C @ 30 min

Figure 107 Microstructure evolution at 1200°C and 5°C/s of cooling rate.
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Figure 108 Microstructure evolution at 1300°C and 5°C/s of cooling rate.
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Figure 109 SEM microstructure evolution between 900°C and 1300°C at 5°C/s of
cooling rate.
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20 um

Figure 110 SEM microstructure at 1200°C and 5°C/s of cooling rate.

Figure 111 SEM microstructure at 1300°C and 5°C/s of cooling rate.
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4.8 Microstructure evolution at a high cooling rate (50°C/s).

The evolution of microstructure during the heat treatment is shown in Figure 112.
The samples were heated between 900°C and 1300°C for 30 min; after that, the
cooling was performed at 50°C/s. This cooling was achieved using forced air and
water mist. Appendix [ contains images at higher magnifications in the optical
microscope and SEM (Figure 118).

At 900°C, quasi-polygonal ferrite with bainite and martensite zones was observed
(Figure 113). The equiaxed shapes disappeared from the microstructure at this
temperature compared with the previous cooling rate at 5°C/s and 0.5°C/s. Atthis
austenitisation temperature, it was observed that ferrite grains disorder
increased, generating more dislocations. As a consequence of this, the material
strength increased compared with lower cooling rates. At 1000°C, the
microstructure evolved to a mixture of bainite + quasi-polygonal ferrite with
martensite zones (Figure 114).

When the austenitising temperature reached 1100°C, the quantity of bainite with
martensite increased (Figure 115). At this temperature, the bainite and martensite
created more dislocations than the smooth bainite at 5°C/s and 0.5°C/s cooling
rates. To observe the dislocations, it is necessary to use thin foils in TEM; however,
this technique was not employed in this work. Besides, the prior austenite grain
boundaries appear clearly in the SEM micrographs (Figure 118). With this
microstructure, the strength increment was significant compared with the same
cooling rate at 1000°C. The tensile results will be verified in the mechanical
properties section.

Finally, at 1200°C (Figure 116) and 1300°C (Figure 117), a microstructure of
martensite with small areas of bainite and ferrite was observed. At 1300°C, the
martensite has a volume fraction increment related to the growth of prior
austenite grain size. The ductility above the austenitisation temperature of 1100°C
will be considerably reduced because the martensite volume fraction increases in
the microstructure. This can be verified in Section 4.12 and compared with the
same austenitising temperatures at 0.5 and 5 °C/s of cooling rate.
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Figure 112 Microstructure evolution between 900°C and 1300°C at 50°C/s of
cooling rate.
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Figure 115 Microstructure evolution at 1100°C and 50°C/s of cooling rate.
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1,200°C @ 30 min

Figure 116 Microstructure evolution at 1200°C and 50°C/s of cooling rate.

1,300°C @ 30 min

Figure 117 Microstructure evolution at 1300°C and 50°C/s of cooling rate.
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Figure 118 SEM microstructure evolution between 900°C and 1300°C at 50°C/s of
cooling rate.
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4.9 Carbon extraction replicas

The carbon extraction replica technique was used to characterise the precipitates.
The precipitates were analysed in function of austenitising temperature for X80
steel. The analysis of the present work is limited to visualising the morphology and
size distribution for each condition; it was not considered to measure the volume
fraction of the precipitates. The precipitation behaviour was evaluated to
comprehend the solubility product of niobium and the effect on the prior austenite
grain size.

The distribution of precipitates at 900°C and 1100°C is shown in Figure 119; in
these conditions, the particles were finely-distributed in the replica. However, at
1100°C coarse particles increased compared with 900°C. The solubility of niobium
precipitates at 900°C was 0.004%, while at 1100°C, the niobium solubility was
0.024%. The effect of solubility was observed in the distribution and size of the
precipitates.

Figure 120 illustrates the carbon replica at 1200°C and 1300°C with a cooling rate
of 0.5°C/s and 5°C/s. The solubility of niobium at 1200°C was 0.054%, while at
1300°C, the solubility elevated to 0.099%. This effect was observed in the carbon
replica because the distribution and quantity of precipitates decreased at high
austenitisation temperatures. In addition, at 1200°C was observed particles of
large size around 100nm; the primary particles consisted of large cuboids related
to TiN precipitates (Figure 121). The TiN particles were distributed in the carbon
replica with a random pattern.

| Cooling rate 0.5°C/s Cooling rate 0.5°C/s

Figure 119 Carbon replica extraction at 900°C and 1100°C at 0.5°C/s of cooling
rate.
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Cooling rate 0.5°C/s

Figure 120 Carbon replica extraction at 1200°C and 1300°C with cooling rates of
0.5°C/s and 5°C/s.

1200°C

Cooling rate 0.5°C/s Cooling rate 0.5°C/s

Figure 121 TEM images of TiN precipitate at 1200°C and 0.5°C/s of cooling rate.
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4.10 Determination of transformation product volume fraction from optical

microscopy

The volume fraction determination was used to obtain the percentage of the
second phase through the microstructure. ASTM standard E 562-0115 was used to
measure the second phase 135. In the optical microscopy, ferrite and pearlite were
observed at a cooling rate of 0.5°C/s with austenitisation temperatures of 900°C
and 1000°. Additionally, ferrite and pearlite microstructure were observed in the
medium cooling rate of 5°C/s at 900°C of austenitisation temperature. All the
samples were analysed at the same magnifications. The measurement used a
square grid with nine fields. Table 18 shows the volume percentage of those phases
in each condition. Figure 122 illustrates the square grid in each microstructure.

Table 18 Volume fraction of the second phase in cooling rate of 0.5°C/s and 5°C/s
with the austenitising temperature of 900°C and 1000°C.

Cooling rate (°C/s) Temperature (°C) Ferrite Pearlite 95% ClI
05 900 90.40 9.60 0.58

1000 93.50 6.50 0.51

5 900 91.40 8.58 0.30

900°C at 5°C/s.

c)

S0

Figure 122 Square grid used in a) 900°C at 0.5°C/s, b) 1000°C at 0.5°C/s and c)

m
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4.11 Determination of transformation product volume fraction using EBSD

Figure 123-125 illustrates the segmentation of phase maps utilising the criteria of
Section 3.6.1 in all the samples. This research did not consider the segmentation
between polygonal ferrite and quasi-polygonal ferrite. In all these phases, the
ferrite segmentation appears with a yellow colour. The M/A constituents are part
of the bainite ferrite segmentation, which appears in blue. Finally, the green grains
represent martensite and the pink phase represents retained austenitest. Table 19
shows the results of phase quantification. To quantify the phases was used the area
of the grains.

In the map appears black spots; these spots were not identified as a part of the
phases. Generally, nonidentified spots do not match the selected criteria in the
grain definition; the most relevant criterion of grains is to have a greater
misorientation than or equal to 5° and have a minimum area of 10 pixels. These
non-identified spots are filed as pseudosymmetries related to indexing errors in
the data points. In all the samples were obtained the pseudosymmetry
quantification using the misorientation profile. The pseudosymmetries have a
misorientation of 30° or 60°. This could be linked to the Kikuchi bands quantity
used in the indexing procedure, but also, the specimen preparation affects the
pseudosymmetries.136,

Table 19 Percentage of phases in the different heat treatments evaluated in EBSD.

raCt(::;l"l(r:]/gs) Temr()oe(;;\ture Ferrite Bainite Martensite :L?;’?e;:iet(i Pseudosymmetry
1100 64.9 31.1 - 1.8 2.2
0.5 1200 23.7 75.6 - 0.3 0.3
1300 14.5 83.9 - 0.7 0.9
1000 72.7 26.1 - 0.5 0.7
5 1100 28.4 69.8 - 0.7 1.1
1200 21.6 76.5 - 0.2 1.6
1300 17.3 81.8 - 0.1 0.6
1100 8.9 6.5 75.3 04 1.2
50 1200 2.1 7.9 89.3 0.2 0.4
1300 1.7 2.6 95.4 0.1 0.2

At a cooling rate of 50°C/s, the volume fraction using EBSD was not considered for
900°C and 1000°C due to the microstructure consisting in ferrite. Additionally, the
JMatPro simulation showed that only ferrite was present in these conditions.
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Figure 123 Phase segmentation maps at a cooling rate of 0.5°C/s, austenitisation
temperature a)1100°C, b) 1200°C and c) 1300°C. Colour representation: yellow=
ferrite, blue=bainite ferrite and pink = retained austenite.

Figure 124 Phase segmentation maps at a cooling rate of 5°C/s, austenitisation
temperature a)1000°C, b) 1100°C, c) 1200°C and d) 1300°C. Colour representation:
yellow= ferrite, blue=bainite ferrite and pink = retained austenite.

Figure 125 Phase segmentation maps at a cooling rate of 50°C/s, austenitisation
temperature a) 1100°C, b) 1200°C and c) 1300°C. Colour representation: yellow=
ferrite, blue=bainite ferrite, green=martensite and pink = retained austenite.
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4.12 Mechanical properties

Microhardness testing

The tensile strength and hardness are indicators of a metal’s resistance to plastic
deformation?3’. Microhardness was the first test to determine the mechanical
properties in this investigation. During the test, 12 indentations to determine the
hardness was performed in each sample. The cooling rate and austenitising
temperatures affected the hardness as these parameters determine each phase's
volume fraction and prior austenite grain size. The microhardness values are
shown in Table 20. The quenching hardness was measured to compare the effect
of this treatment with that of a cooling rate of 50°C/s. At 1300°C and a cooling rate
of 50°C/s, the volume fraction of martensite is around 95%, which is near the
quenching hardness value at 1300°C.

The increment of hardness was observed in all the austenitising temperatures; the
higher temperature of austenitisation elevates the hardness in every cooling rate.
However, quenching was an exception at 1200°C and 1300°C when the hardness
decreases 6 HV1 at 1300°C; this could be associated with the high standard
deviation presented at 1100°C, 1200°C and 1300°C. At the highest austenitic
temperatures and elevated cooling rate are obtained the highest hardness; these
values are related to a significant percentage of martensitic structures in the
material. Furthermore, it was observed that the hardness decreases drastically at
the lowest cooling rates and austenitising temperatures. Finally, the hardness of
the raw material was 231 * 4.1 HV. The raw material was observed as acicular
ferrite in the microstructure. The values of 5°C/s of the cooling rate at 1200°C and
1300°C and 50°C/s of the cooling rate at 1100°C present a similar hardness to the
raw material.

Table 20 Microhardness values at different austenitising temperatures and cooling
rates.

Vickers microhardness (HV1)
f:r;tsgri;i:ﬂrsg Cooling rates

0.5°C/s 5°C/s 50°C/s Quenching
900°C 155+1.7 165+ 3.0 200+1.8 245+ 10.0
1000°C 159+ 3.9 187+2.4 211+3.4 249+4.30
1100°C 187+ 3.5 207 +2.2 227 +4.5 324 +8.90
1200°C 204+7.9 221+2.8 255+7.4 328 +10.3
1300°C 211+5.0 225+6.0 300+6.8 322+4.90
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The X80 steel microhardness testing continued with the welding. The heat
affected zone was defined using microhardness. Following microhardness
indentations, nital etching was done to reveal the microstructure. It was done over
1600 indentations to have a proper hardness behaviour. The indentations were
separated by 0.5 mm on the x-axis and 1 mm on the y-axis. To visualise the welding
hardness was utilised a hardness mapping code in MATLAB138 (Figure 126). This
map shows the hardness variations of the HAZ between 200 and 240 HV. However,
in the centre of the weld, the highest hardness appears at 280HV. The highest
hardness zone appears because the welding centre is the most affected zone by
heat flow. After all, it receives high temperatures twice during the welding
application. The first is in the inside welding beads application, and the second is
the outside diameter welding.

X80 weld

Thickness of the sample(mm)

20 25
Distance (mm)

Figure 126 Hardness Mapping of Welding
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Tensile testing

The mechanical properties were evaluated with the tensile test to calculate the
tensile strength (TS), yield strength (YS) and elongation (%EL) of each condition.
The TS in the as-received material was 670 + 9.1 MPa, the YS was 612 + 7.5 MPa,
and the elongation was 24.8 + 0.3%. Table 21 shows the evolution of mechanical
properties at 0.5°C/s of cooling rate depending on the austenitising temperature.
The most significant change in the TS was between 1000°C and 1100°C; this change
is related to the difference in the microstructure when the polygonal ferrite +
pearlite microstructure evolves to quasi-polygonal ferrite with bainite. Figure 127
illustrates the engineering stress-strain curve with a cooling rate of 0.5°C/s. At
900°C and less at 1000°C discontinuous yielding was observed; these conditions
are related to ferrite+pearlite microstructure.

Table 21 Mechanical properties at 0.5°C/s of cooling rate calculated in the tensile
test.

A o Tensile testing
ustenitising The cooling rate of 0.5°C/s
temperature
TS (MPa) YS(0.2%) (MPa) % EL
900°C 490+ 1.6 403 +7.5 37.7+0.5
1000°C 498 £ 2.7 332+2.0 39.8+0.1
1100°C 598 £4.9 447 + 1.5 31.5+0.5
1200°C 629+5.6 480+4.0 26.8+0.3
1300°C 639+0.4 495 + 8.5 24.0+0.2
Cooling rate of 0.5°C/s
700
600 P m———
T
= 400
g
£ 300
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‘=200
o
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0
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——900°C ——1,000°C ——1,100°C 1,200°C 1,300°C

Figure 127 Engineering strain stress curve at a cooling rate of 0.5°C/s
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When the cooling rate increases, the tensile and yield strength also elevate (Table
22). The initial values at a lower austenitising temperature of TS had better
behaviour than the cooling rate of 0.5°C/s, and the elongation did not reduce
significantly (Figure 128). At 900°C, a mixture of ferrite with pearlite was observed,
and the ferrite was less smooth than the ferrite at 0.5°C/s of cooling rate. At 1000°C,
the quasi-polygonal ferrite with bainite areas appeared; this irregular shape in the
ferrite produces more dislocations, increasing the strength. Above 1100°C of
austenitising temperature, the strength started to be close to the values of 0.5°C/s
of cooling rate. The slow and medium cooling rates at these temperatures initiated
the bainite transformation in the steel.

Table 22 Mechanical properties at 5°C/s of cooling rate calculated in the tensile
test.

o Tensile testing
?:;tsgrl;fl:r;g The cooling rate of 5°C/s
TS (MPa) YS (0.2%) (MPa) % EL
900°C 570+ 0.3 352+ 4.5 35.2+0.1
1000°C 599+1.9 425+1.0 314104
1100°C 624 £ 6.2 490+ 2.5 28.5+0.2
1200°C 646 £+ 6.7 530+2.0 24.4 £ 0.5
1300°C 651 +2.7 530+4.0 24.3+0.7

Cooling rate 5°C/s

700

600

500

400

300

ZOOI

Engineering sress (MPa)

100 |
0% 5% 10% 15% 20% 25% 30% 35% 40%
Engineering strain (mm/mm)

—900°C ——1,000°C ——1,100°C 1,200°C 1,300°C

Figure 128 Engineering strain stress curve at a cooling rate of 5°C/s
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Finally, the fastest cooling rate is reviewed (Figure 129). At 50°C/s was obtained
the highest tensile and yield strength; at the same time, the elongation decreased
(Table 23). Starting at 900°C, the TS and YS showed a substantial increase in
mechanical properties. The TS at 900°C had a variation of 25% compared with
0.5°C/s and 13% with a 5°C/s of cooling rate. At this temperature was possible to
observe the effect of ferrite in the strength increment compared with 0.5°C/s and
5°C/s. Between 1000°C and 1100°C appeared a significant reduction in terms of
elongation in the material. At 1100°C, the martensite volume fraction increased;
this diminished the elongation. Above 1200°C, the TS, YS and elongation did not
have a significant variation; in these austenitising temperatures appear,
principally, the martensite phase appears.

Table 23 Mechanical properties at 50°C/s of cooling rate calculated in the tensile
test.

o Tensile testing
?:;tsgrl;fl::g The cooling rate of 50°C/s
TS (MPa) YS (0.2%) (MPa) % EL
900°C 658 +2.7 495+1.0 29.2+0.8
1000°C 716 £ 6.3 570+ 7.5 25.3+0.5
1100°C 762 +£2.1 600 £ 2.0 20.0+£0.5
1200°C 814126 648 £ 6.0 18.2+0.3
1300°C 830+1.8 650 £ 2.0 18.4+0.3

Cooling rate 50°C/s

900
800
700
600
500
400

300
200
100

Engineering stress (MPa)
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—900°C —1,000°C 1,100°C 1,200°C 1,300°C

Figure 129 Engineering strain stress curve at a cooling rate of 50°C/s
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Impact testing

To determine one measure of the steel's toughness, Charpy impact testing was
performed on sub-size specimens for each condition at test temperatures of 20°C,
0°C and -50°C. The lowest temperature was selected to verify if it does not exist an
embrittlement phenomenon at freezing temperatures. The samples in this thesis
were machined with a 9.1mm width according to the drawing in Section 3.17. The
raw material of X80 steel had the impact fracture energy values of 31.30+0.63 | at
20°C, 32.26%0.16 ] at 0°C and 31.01£1.01 ] at -50°C. Table 24 shows the impact
results with a cooling rate of 0.5°C/s. The values at 900°C of austenitising
temperature are the only ones which appeared with a slight increase in toughness
compared with the raw material. Figure 130 illustrates the impact energy's
tendency at a low cooling rate velocity.

Table 24 Charpy testing at a cooling rate of 0.5°C/s with three temperatures of the
test 20°C, 0°C and -50°C.

Impact fracture energy at a cooling rate of 0.5°C/s
Austenitising The temperature of the testing
temperature 20°C 0°C -50°C
Joules Joules Joules
900°C 31.36+0.78 32.60 £ 0.68 34.31+£0.75
1000°C 29.64 £ 0.59 31.52+0.35 32.04 £0.93
1100°C 30.24 £0.18 30.79 £ 0.68 31.58 £1.89
1200°C 30.89 £ 0.68 30.96 £ 0.62 29.63 £ 0.57
1300°C 29.44 £+ 0.68 29.98 £ 0.39 29.04 £ 0.55

At 5°C/s of cooling rate displayed better behaviour than the cooling rate of 0.5°C/s
and 50°C/s (Table 25). The testing at 20°C and 0°C showed similar behaviour in
terms of toughness. Furthermore, at -50°C displays a minor increment in energy
absorption. Figure 131 illustrates the tendency of the impact testing at a 5°C/s of
cooling rate.

Table 25 Charpy testing at a cooling rate of 5°C/s with three temperatures of the
test 20°C, 0°C and -50°C.

Impact fracture energy at a cooling rate of 5°C/s
Austenitising The temperature of the test
temperature 20°C 0°C -50°C
Joules Joules Joules
900°C 31.64 £0.51 31.65+0.28 33.32+1.17
1000°C 30.70 £ 0.83 33.20+£1.39 33.63+£0.91
1100°C 31.35+£0.19 31.62 £0.06 33.91+£0.75
1200°C 32.89+0.43 31.82£0.57 34.03+£0.31
1300°C 31.78 £0.03 31.54+0.38 33.27 £0.90
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Charpy test with a cooling rate of 0.5°C/s

Impact fracture energy (Joules)

900°C 1000°C 1100°C 1200°C 1300°C
Austenitising temperature

Figure 130 Impact fracture energy results with standard error at different
temperatures of austenitisation and a cooling rate of 0.5°C/s.
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Figure 131 Impact fracture energy results with standard error at different
temperatures of austenitisation and a cooling rate of 5°C/s.
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Lastly, the results at 50°C/s of cooling rate are shown in Table 26. At lower
austenitising temperatures showed the highest toughness compared to
above 1100°C. At 1200°C and 1300°C displayed a declining behaviour of
toughness compared with the cooling rates of 0.5°C and 5°C; also, with the
lower austenitising temperatures at the same cooling rate. At these
temperatures, a massive martensitic structure appears in the
microstructure. Figure 132 illustrates the tendency of the impact testing at a
50°C/s of cooling rate.

Table 26 Charpy testing at a cooling rate of 50°C/s with three temperatures of the
test 20°C, 0°C and -50°C.

o Impact fracture energy at a cooling rate of 50°C/s
Austenitising -
The temperature of the testing
temperature
20°C 0°C -50°C
900°C 33.98+0.24 34.25+1.37 33.81+2.19
1000°C 31.38+0.31 33.73+1.15 34.37£0.76
1100°C 30.21£0.82 33.56 £ 0.47 31.55+£0.28
1200°C 29.97£0.18 29.56 £ 0.83 30.97 £1.95
1300°C 29.79 £ 0.80 27.44 £ 0.96 29.05+0.32
Charpy test with a cooling rate of 50°C/s
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Figure 132 Impact fracture energy results with standard error at different
temperatures of austenitisation and a cooling rate of 50°C/s.
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After the impact testing was done, the fracture surfaces were analysed in the SEM.
The conditions examined were the austenitising temperatures of 900°C and
1300°C with cooling rates of 0.5 and 50 °C/s. Figure 133 shows the images of the
fracture in SEM at a cooling rate of 0.5°C/s. In all the conditions, a ductile fracture
was observed. At 900°C, the dimples appeared more distributed in the image.

900°C | test at 20°C

7 %73
w20 e % e Al W i
TM3030Plus4506 2021/05/20 16:40 NLUDS.6 x600 100um  TM3030Plus4505 2021/05/20 16:30 NLUD6.5 x600 100 um

900°C | test at 0°C

o) NS

TM3030Plus4503

2022-07-13  04:32 NMUD5.2 600 100 pm

Figure 133 SEM images of a fracture zone in Charpy testing at 0.5°C/s of cooling
rate.
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Figure 134 illustrates the fracture SEM images at 50 °C/s. At 50°C/s of cooling rate
was observed as a ductile fracture in all the conditions. There was no clear pattern
of intergranular fracture in any of the conditions. The effect of slow and high
cooling rates was associated with the transgranular fracture mechanism (ductile).

AA0752

04:18 NMUD4.6 x600 100 pm

1300°C

2022-07-13  04:54 NMUD5.1 x600 100 pm

e SR

2022-07-13  05:03 NUDS.O x600 100 pm

C0965 2022-07-21  10:25 NMUD6.9 x600 100 ym

Figure 134 SEM images of a fracture zone in Charpy testing at 50°C/s of cooling
rate.
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Summary

Chapter 4 shows the results obtained in the present work. The chapter started with
the characterisation of the raw material. Then, it continued with the hardness
behaviour in the heat affected zone welding zone in the X80 steel. After that, it
showed the transition temperatures obtained in the dilatometry and theoretical
formulas to compare with the experimentation values. Then, the CCT diagrams
were used to evaluate the microstructures present in each treatment.

Afterwards, the solubility of niobium was calculated, and the prior austenite grain
size was performed between 900°C to 1300°C. After that, it was reviewed the
resulting microstructures at 0.5°C/s, 5°C/s and 50°C/s using SEM and optical
microscopy. Then, the precipitates were evaluated with the carbon extraction
replica technique. As a final characterisation, EBSD was used to quantify the phases
in each treatment.

Finally, the mechanical properties of hardness, tensile and impact were reported.
The impact test was done at 20°C, 0°C and -50°C using sub scale Charpy specimens.
The frozen temperature was selected to evaluate if existed a ductile-brittle
transition temperature (DBTT). The sub scale Charpy specimens allowed to
observe a tendency between the different heat treatments of the material.
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Chapter 5

Discussion

5.1 Prior austenite grain size effect on the microstructure

The initial prior austenite grain size was critical to understand the microstructure
evolution after the heat treatment. In this work, a holding time of 30 minutes for
10mm thick sections was selected to ensure complete austenitisation139140, The
X80 raw material had an austenite grain diameter of 3 + 0.17pum at 850°C with an
Acs of 810°C. The PAGs increased with the austenitisation temperature from 3.15
+ 0.29um at 900°C to 97.9 + 18.12um at 1300°C. Above 1200°C, the solubility
precipitates of niobium rapidly increased, affecting the PAGs. At 1280°C, the
niobium precipitates were completely dissolved, ultimately obtaining a rapid
PAGs growth between this temperature and 1300°C.

A homogeneous structure was observed in the as-received steel during the initial
characterisation. The microstructure showed an equiaxed and well-distributed
form in the austenite grains. It is well known that the prior austenite grain size
directly affects the mechanical properties and the microstructural evolution.
Because of that, it is essential to measure and control the PAGs to understand the
subsequent behaviour after heat treatment 1417145,

The heat affected zone displays a microstructural evolution with different phases
only in a few millimetres. Because the welding fusion zone reaches temperatures
up to 1500°C, near the fusion line formed coarse PAGs. It was observed that the
PAG's growth at the same cooling rate elevates at the same time the mechanical
properties. Also, the prior austenite grain size had a critical function in the
evolution of microstructures. This is exemplified in the coarse prior austenite
grain size; coarse PAGs evolved in bainite and martensite phases meanly 146, The
next section of this Chapter will compare the effect of various cooling rates on the
microstructural evolution and the resulting mechanical properties.
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The behaviour of austenite grain size with the temperature enabled us to observe
the influence on the decomposition kinetics and the following microstructures.
145,147,148t was observed that with a fine austenite grain size and slow cooling
rate, the resulting microstructure consisted of polygonal ferrite and small areas
with pearlite. However, when the PAGs started to coarsen, the resulting
microstructure was meanly bainite at a slow cooling rate. This occurs because the
grain boundaries limit the bainite sheaf growth. But in coarse PAGS, the bainite
sheaf has plenty of space to build up inside the coarse austenite grainl42150, [n
addition, at a 50°C/s of cooling rate, ferrite microstructure transformed from
initially fine austenite grain size was observed. At coarse PAGs and 50°C of cooling
rate, the resulting microstructure was predominantly martensite when the
temperature increased to 1300°C. The martensite microstructure promptly
increased the mechanical properties of the material.

5.2 Selecting the austenitisation temperatures

The austenitisation temperatures were selected with the Iron Carbon adapted
HAZ diagram (Figure 135). From this diagram, it was possible to observe how the
temperature influences the grain growth and recrystallised zone depending on the
fine or coarse austenite 139, During dilatometry testing, the Acs temperature was
~810°C; because of this, the analysis of this research started at 900°C. At this
temperature, it was obtained a minor change in the PAGs compared with the raw
material. The highest temperature of this analysis was 1300°C; at this
temperature, it was possible to observe the effect of coarse austenite grains in the
microstructure evolution. The heat affected zone's area was no longer than 6 mm
from the fusion zone. Also, the Fe-C diagram displayed other zones affected by the
temperature: partially transformed (interphase) and tempered zone; however,
those zones are not part of this research.

Then, temperatures were selected between the limit conditions range because it
was necessary to obtain a tendency of resulting microstructures. The temperature
range of 100°C was selected to have a trend. With those ranges of temperatures
was straightforward to observe the microstructure evolution and the niobium
solubility effect when austenitisation temperature increases. The temperature
ranges allowed us to observe the effect of austenite at fine and coarse grain size.
As was evaluated in the previous chapters, the austenite grain growth is one of the
most critical parameters in the analysis of welding. During this research, 30 min
of holding time was chosen to study the effect of prior austenite grain size when
the austenite was fully transformed 115.

154



Temperature, °C (°F)

Solid-liquid transitionzone 1
—_——— e . .. 1600] | ez
Solidified weld _\_ T T ey Liquid

1400 | _
(2552) Liquid+y

Coarse

= ] Grain growth zone austenite

e [ 0 1200
3

2 Il (2192)
) “ ——————— Fine s
E. austenite 1000
o I Recrystallised zone (1832)
<

©

o

o

————— (1112)4
Unaffected base

material 409 |
(752)

a+Fe,C

200
(392)

1
0.15 1.0

Fe Wt% C

Y

Heat affected zone

Figure 135 Iron Carbon diagram represents microstructural variation in the HAZ
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5.3 Prior austenite grain size effect on the mechanical properties

The effect of prior austenite grain size on the mechanical properties was observed
during all the heat treatments. The microhardness and tensile strength increased
simultaneously as the temperature was increased. The prior austenite grain size
determines the resulting phases in the austenite decomposition. Coarse austenite
grain size positively affects the formation of bainite and martensite because the
bainite sheaf has more space to build up inside the grains 149.150,

Figure 136 shows the behaviour of microhardness in the different heat treatments
and austenitisation temperatures. At 0.5°C/s of cooling rate was observed the
bainite effect in the hardness above 1100°C. Also, at 50°C/s of cooling rate the
appeared of martensite directly affected the microhardness meanly above 1200°C.

During testing, bainite and martensite had the highest values of tensile strength.
On the other side, fine austenite grain size favoured the formation of polygonal
ferrite and pearlite. Fine austenite grain size remains more grain boundaries;
those boundaries allow the nucleation of reconstructive mechanisms such as
pearlite and polygonal ferrite 3642149151 At a 50°C/s of cooling rate and above
1200°C of austenitisation temperature was shown a significant increase in tensile
strength, in these conditions the PAGs grew from 44.8 + 1.93 t0 97.9 + 18.2 (Figure
137). At those temperatures, the martensite volume fraction was above 89%.
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In terms of the prior austenite grain size effect, the most significant change in
tensile strength was at 0.5°C/s. At 1000°C, the strength was 498 MPa, and at
1100°C was 598 MPa; this increase was a 20% difference (Figure 137). At 0.5°C/s
and 5°C/s with temperatures up to 1100°C, the tensile strength was similar with
less than 4% differences. In the microhardness testing, the significant hardness
increase appeared at 50°C/s of cooling rate; in the PAGS of 1100°C to 1200°C, the
growth is 12%, while at 1200°C to 1300°C the increment is 18%.

Vickers Microhardness
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Figure 136 Microhardness values at cooling rates of 0.5°C/s, 5°C/s and 50°C/s
with austenitisation temperatures between 900°C and 1300°C.
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Figure 137 Tensile strength at cooling rates of 0.5°C/s, 5°C/s and 50°C/s with
austenitisation temperatures between 900°C and 1300°C.
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The elongation was another analysed mechanical property; and it tended to trend
in the opposite direction to that of tensile strength and microhardness. The
increase of austenitisation temperature reduced at the same time the elongation.
The lowest elongation value appeared at a cooling rate of 50°C/s; above 1200°C,
the elongation drastically falls to 18%; this fall is related to the increase of
martensite volume fraction at high austenitisation temperatures. The highest
elongation appeared at the smallest prior austenite grain size and slow cooling
rate; in these conditions, the microstructure was a mixture of polygonal ferrite and
pearlite (Figure 138).

The elongation remained diminished as the austenitisation temperature raised,
except at 1000°C and 0.5°C/s of cooling rate. At this temperature, the elongation
slightly increased compared with the lowest austenitisation temperature. At
900°C and 1000°C appeared, discontinuous yielding (Section 4.12), a typical
behaviour in low carbon steels. This phenomenon occurred during the
deformation above the yield point, resulting from the interaction between mobile
dislocation and solute atom>2. The increase in holding time and austenitisation
temperatures inhibit the discontinuous yielding because it diminishes the solute
carbon concentration in the microstructure 152,

The highest elongation diminish was between 1000°C and 1100°C, particularly in
the cooling rates of 0.5°C/s and 50°C/s. In these conditions, the elongation
reduced drastically. At 0.5°C/s, the transformation evolved from polygonal ferrite
+ pearlite to polygonal ferrite + quasi-polygonal ferrite with bainite. At 50°C/s, the
microstructure evolved from a mixture of ferrite to mainly a combination of
martensite with small zones of bainite and quasi-polygonal ferrite. The increase
in martensite volume fraction reduced the elongation significantly at high cooling
rates.
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Figure 138 Elongation at cooling rates of 0.5°C/s, 5°C/s and 50°C/s with
austenitisation temperatures between 900°C and 1300°C.

157



Also, the prior austenite grain size affected the toughness of the material. Figures
139-141 show the material's toughness at different testing temperatures. During
the fracture analysis in the SEM, a ductile fracture was observed in all conditions
153-155 (Figures 133-134). It did not appear to have an intergranular fracture in any
analysed samples. The lowest temperature testing was selected at -50°C. This
temperature offered a reference to understand the material's behaviour at sub-
ambient temperatures.

The first testing was performed at room temperature. At 0.5°C/s and 5 °C/s
displayed similar behaviour; the energy absorption did not show a relevant
change in toughness. At high austenitisation temperatures, the energy absorption
did not significantly differ at room temperature and 0°C. In these conditions, the
microstructure showed an increase in bainite volume fraction. At the cooling rate
of 50°C/s, the highest austenitisation temperature showed the lowest impact
energy; this was related to the evolution of mostly martensite microstructure
(Figures 139-140).

The increase of austenitisation temperatures formed M/A constituents at a
medium cooling rate. The presence of M/A constituents has been widely studied
in previous works. Different authors have reported that the appearance of M/A
constituents decreases the material’s toughness 1567160, However, the acquired
results did not show a negative effect of toughness.

The behaviour was stable at the cooling rate of 5°C/s, with values between ~ 31
to 33 J. At this temperature, it appeared the M/A constituents at 1200°C and
1300°C. The formation of M/A constituents in the microstructure did not show a
decrease in the material toughness. The mixture of bainite and M/A constituents
in the microstructure showed a steady behaviour in toughness; this was also
observed in the lowest temperature testing (Figures 139-141).

Figure 141 shows the impact testing at -50°C. At slow and high cooling rates had
similar behaviour in toughness. The toughness decreased when the prior
austenite grain size was coarse, while the fine PAGs showed the most increased
toughness. At 5°C/s showed stable behaviour even in high austenitisation
temperatures. These impact values could be related to the mixture of bainite and
M/A constituents at high austenitisation temperatures. The martensite and
bainite microstructures were more susceptible to toughness diminish.
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Figure 139 Impact testing at 20°C with cooling rates of 0.5°C/s, 5°C/s and 50°C/s
with austenitisation temperatures between 900°C and 1300°C.
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Figure 140 Impact testing at 0°C with cooling rates of 0.5°C/s, 5°C/s and 50°C/s
with austenitisation temperatures between 900°C and 1300°C.

The highest toughness values at a slow cooling rate appeared in a mixture of
polygonal ferrite and pearlite microstructure. The effect of pearlite on toughness
has been documented in previous works. The size of pearlite colonies is essential
to control the material's toughness; cementite bands in a pearlite colony are a
relevant pattern in the toughness. Thick cementite plates and coarse grain size in
the pearlite results in toughness diminish.
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Furthermore, fine cementite plates in fine pearlite colonies provide a better
toughness, obtaining a pattern of ductile fracture 161162, Appendix 1.8 shows the
fine cementite plates in the pearlite at 900°C and 1000°C of austenitisation
temperature. Some studies have reported that ferrite/pearlite microstructures
are more susceptible to low temperatures in impact testing 163. However, even at
low testing temperatures, the toughness did not decrease in the polygonal ferrite/
pearlite microstructure.
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Figure 141 Impact testing at -50°C with cooling rates of 0.5°C/s, 5°C/s and 50°C/s
with austenitisation temperatures between 900°C and 1300°C.

Finally, a clear transition zone was not observed during the impact testing because
of the lower temperatures. Different researchers have reported a transition zone
in X70 and X80 steel at -40°C with similar carbon content but less niobium in the
material's composition1647166, At high austenitisation temperatures, a rapid
decrease in the toughness appeared except at 5°C/s of cooling rate; this
temperature was related to the formation of M/A constituents. The results
indicate that the material could resist at least -50°C without the embrittlement
phenomenon.
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5.4 Precipitation

Grain growth and recrystallisation are restricted using elements such as
vanadium, titanium, aluminium and niobium. Niobium has better behaviour in
delaying the recrystallisation of austenite; this effect in recrystallisation was
essential because the material had 0.094% Nb. The solubility control of the
refining additions was crucial in the behaviour of prior austenite grain size (Figure
142). The minor reheating temperature was related to the small prior austenite
grain size. This effect was linked with the solubility of carbides in the solution,
such as NbC, NbCN, and TiN 167-169,

The precipitation affects the austenite grain boundaries as well. The boundaries
of austenite grains are crucial in nucleation sites for different microstructures
such as ferrite, martensite and bainite. At high temperatures, previous
precipitates dissolve shaping new finer precipitates in the following process 168
170, Figure 143 shows the calculated niobium and titanium in solution using the
solubility products NbC48, NbCN47, and TiN134, NbC and NbCN calculus showed
similar niobium in solution at the same austenitisation temperatures. While TiN
required above 1100°C to dissolve the titanium in solution.

The temperature influences the precipitation kinetics. At high temperatures, the
growth kinetics leads rapidly in the niobium carbides. However, titanium requires
more temperature to dissolve. Above 1280°C, the niobium carbides all dissolved;
while titanium nitrides will dissolve at 1,653°C. This solubility product of niobium
and titanium was observed in the behaviour of prior austenite grain size. At
1200°C, the niobium solubility was 0.050%; at 1280°C elevated to 0.090%, and
finally, at 1300°C increased to 0.1%. At 1300°C, the titanium in solution was
0.005%, and the material contained 0.014% Ti. At the highest temperature of the
testing, all the niobium was in solution, but the titanium was dissolved only in
0.005 %wt. This titanium solubility effect explained why the austenite grain did
not grow more than 100 pm on average because titanium nitrides suppressed
grain growth after niobium was all in solution171,

The niobium solubility has an essential effect on austenite decomposition.
Niobium increases the boosts coarse carbide formation in bainite and lath-type
martensitel72. Also, the fine precipitates of niobium which are uniformly allocated
in the grains, increase the strength. The effect is a consequence of the interaction
between dislocations and dispersions 173. This is because the NbC carbides act as
a barrier in the dislocations increasing the strengthening effect.

161



120 - L

100 W

60 —

H

40

HH
T

Average austenite grain size (um)

0 | ‘ T ' T ' \ ‘ \ ' T
900 °C 1000°C 1100°C 1200°C 1280°C 1300°C

Figure 142 Average austenite grain size at different temperatures.
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Figure 143 Comparative of austenite grain size with the calculated niobium and
titanium in solution using the solubility products NbC48, NbCN#47 and TiN134 at
different austenitisation temperatures.
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5.5 Weld thermal cycle design for X80 steel

The heat affected zone is the most critical area in welding. In the welding process,
fusion temperatures reach temperatures above 1500°C in the material base near
the fusion line74. The temperature variance between the material base and weld
metal produces a AT. The area localised near the fusion zone achieves high

temperatures and a significant increment in grain growth. As the base metal is far
from the melting zone, AT decreases to the point where the temperature is below
Acs. The Partially austenitised (Ac3 > T > Ac1) and tempered zone (Acl > T) are
affected by the welding. However, there did not experience austenite grain growth
and were not considered in this research.

As explained in the background, the heat affected zone produces a modification in
the microstructure and the effect on the material’s mechanical properties. The
velocity and power source in welding are used to control the cooling rate during
application. High-velocity results in fast cooling rates because the heat transfer
could not sufficiently elevate the base material’s temperature; therefore, the plate
cooling down faster. The same phenomenon appears with the heat source; thus,
the cooling rate in the heat affected is affected by the heat source and velocity
during welding application.

The heat affected zone is affected by the cooling rate, the austenitising temperature
and holding time. These parameters directly affect the final microstructure of the
materiall. In the case of the material examined in this research, the microstructure
is essential because of the high niobium content of 0.094%. Niobium content
restricts the grain growth of austenite during the heating process. Also, the
niobium in the solution contributes to the formation of different microstructures,
such as bainite.

The API standard in X80 steel specifies a maximum of 0.22% of carbon?. The carbon
content is essential to satisfy the maximum carbon equivalent. At high carbon
content, the welding tends to form martensite producing a brittle material. The X80
steel of this research contained 0.06% C and a carbon equivalent of 0.39, according
to the International Institute of Welding. This number indicates the weldability
behaviour; according to the classification of weldability with a CE(IIW) of the
material, it had very good weldability (Table 27)174. Also, the carbon equivalent
was used to predict the hardenability in the heat-affected zone.
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Table 27 Common value classifications of carbon equivalent 174

Carbon equivalent (CE) Weldability
Up to 0.35 Excellent
0.36-0.40 Very good
0.41-0.45 Good
0.46-0.50 Fair

Over 0.50 Poor

In the X80 mechanical properties, the API standard specifies a minimum YS of
80,000 psi (552 MPa) and a maximum of 100,000 psi (690 MPa), while a minimum
TS of 90,000 psi (621 MPa) and a maximum of 120,000 psi (827 MPa) and a
minimum elongation of 20.5% 175. The raw material of this research had a yield
strength of 610 MPa and ultimate strength of 630 MPa with 24% elongation.
Therefore, the raw material accomplished the X80 API standard. The cooling rates
at 0.5°C/s and 5°C/s showed a TS decrease compared with the API Standard at low
and medium austenitisation temperatures (Between 900°C and 1100°C). In the
case of a cooling rate at 50°C/s, all the austenitising temperatures show ultimate
strength above the X80 standard.

After the carbon equivalent is reviewed, the next step in the weld thermal cycle
design is evaluating the austenitising temperatures in the heat affected zone. The
grain growth zone includes temperatures from 1100°C to 1500°C and
recrystallised zone from 900°C to 1100°C. Then, the temperature ranges were
selected, and dilatometry testing obtained transition temperatures. The Ac:
temperature was 730°C while the Ac3 temperature was 810°C. After the
dilatometry, PAGs was measured at 850°C and 900°C using picric acid etching. At
850°C the PAGs was 3.0+0.17 while at 900°C was 3.15£0.29. The PAGs variation
between 850°C and 900°C was minimal. The lower temperature selected was
900°C to evaluate the effect of the austenite grain size on the microstructure
evolution. The upper temperature was chosen according to the TMC capability; the
maximum temperature was 1300 °C. Finally, an evaluation of each 100°C provided
an accurate trend of microstructure evolution and the effect on the mechanical
properties.

Another critical welding parameter is the holding time. Usually, the holding time
during the welding is short’>. However, this research evaluated the effect of PAGs
when the austenite transformation is complete. The holding time of 30 min was
selected to complete the transformation of austenite and avoid the material could
have partially transformed. In the end, the cooling rate was determined. Three
velocities of cooling were chosen to analyse the behaviour of cooling at a slow
temperature of 0.5°C/s with slow air cooling, at medium cooling of 5°C/s with
forced air and finally at 50°C/s using mist cooling.
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Those cooling rates allow obtaining the two mechanisms of transformation, the
reconstructive with the diffusion of atoms and the displacive with the plane strain
deformation.

Prior austenite grain size is a critical property in the analysis of microstructure
evolution 176, The precipitates solubility affects the PAGS. Depending on the
austenitisation temperature, the precipitates started to dissolve in the solution,
which increased the austenite grain size. This effect was observed in the variety of
austenitisation temperatures. At 850°C the PAGs was 3.0+0.17 while, at 900°C was,
3.15+0.29; the low niobium solubility at low austenitisation temperatures resulted
in a minimum change in the PAGs. At 900°, niobium dissolution was only 0.004%;
the low niobium solubility restricted the grain growth. At higher temperatures, the
niobium in the solution increases, affecting the PAGs. The niobium in solution
maintained a similar trend to austenite grain growth. The niobium was totally in
solution at 1282°C. Above 1200°C, the precipitates dissolved markedly, and at the
same time, the austenite grain growth rapidly increased. At 1300°C, when the
niobium was fully solved, the austenite grain growth increased by 25% compared
with 1280°C of austenitisation temperature.

After evaluating the transition temperatures (Ac3 and Ac1) and the austenitisation
temperature range, the temperature's effect on precipitate solubility was critical.
Different authors have investigated the effect of niobium precipitates such as
Palmiere*® (NbC), Irvine*’” (NbCN) and Wang34 (TiN). Those researchers have
studied the niobium solubility in austenite at different temperatures. The niobium
solubility is essential to understand the effect on the austenite decomposition.

The transition temperatures during cooling were another significant effect in
studying austenite decomposition. Using dilatometry testing was possible to
measure those temperatures (Ar)l77. At lower cooling rates, the transition
temperatures were higher. And, when the cooling rates increased, the Ar
temperatures decreased. Also, the transition temperatures were affected by the
prior austenite grain size. The coarse PAGs reduced the Ar temperature, and the
fine PAGs increased the transition temperature. This effect was observed in Section
4.2 of the last chapter.

The last parameter in the design of the thermal weld cycle was the cooling ratel7s.
During the welding, the application velocity and the heat power are the adjusted
parameters to obtain the desired cooling rates. This research used between 0.5 and
50°C/s of cooling rate to evaluate the effect on the final microstructure. Faster
cooling incremented the quantity of M/A constituents and martensite; however,
martensite structures reduced the toughness. Slow cooling rates resulted in
polygonal ferrite and pearlite microstructure.
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These microstructures increased elongation but negatively affected the material's
tensile strength. Then, the CCT diagrams were used to have an approximation of
the cooling strategy. CCT diagrams were performed with the different prior
austenite grain sizes. The increment of different microstructures appeared above
1100°C. Over that temperature, M/A constituents and bainite appeared in the
microstructure at a medium cooling rate. Also, it was observed that martensite
appeared in coarse prior austenite grain size and high cooling rates. Nevertheless,
martensite is not a desirable phase because of its adverse effects on toughness.

Therefore, the thermal weld cycle’s design was a combination of cooling rate and
prior austenite grain size. It was impossible to consider only one parameter
because those factors' combinations directly affected the mechanical properties.
Some microstructures had better behaviour in terms of strength and toughness.
The bainite and M/A constituents improved the mechanical properties compared
with martensite (reduced toughness) or polygonal ferrite (low tensile strength)17°.
The following section shows the effect of the volume fraction of phases on the
mechanical properties.

5.6 Effect of cooling rate on the mechanical properties

The microstructure evolution in the X80 steel is influenced by various conditions
such as chemical composition, initial prior austenite grain size, austenitisation
temperature, holding time and the cooling rate. The control of temperatures during
austenitisation and cooling rate was critical in processing the material. Inadequate
control during processing involves a modification in the austenite decomposition
affecting the microstructure and consequently the mechanical properties 32.

The cooling rate was the last parameter to define the final microstructure of the
material. The austenitisation temperature and holding time were the main
parameters in the grain growth effect, but the cooling rate significantly affected
austenite decomposition. The chemical composition also affects grain growth;
however, the chemical composition was equal in all the analysed samples in this
research. The CCT diagram simulation allowed the understanding of resulting
microstructures during the cooling >>.

As explained in the previous chapters, the heat affected zone is a crucial area in
welding. The heat affected zone is affected by the heat flow between the weld and
the base metal. The grains near the fusion zone experiments a rapid increase in
grain growth because of the high temperature. The grain growth zone includes
temperatures above 1100°C until fusion temperatures, while recrystallised zone
reaches temperatures above Ac3 and below 1100°C.
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Also, the grain growth and recrystallised zones are determined by the prior
austenite grain size; above 1200°C is formed coarse austenite, while below 1200°C
is considered fine austenite. Figure 135 shows the iron-carbon diagram
representing the variations in the HAZ 74,

The influence of austenitising temperatures in the HAZ is critical because it greatly
influences the austenite grain size and austenite decomposition at the temperature
where the cooling starts and the transformation begins. A coarse austenite grain
size allows the formation of bainite and martensite microstructures. Also, this
phenomenon is influenced by the solubility of carbides at high temperatures.
However, the fine austenite grain size in slow and medium cooling rates forms
polygonal ferrite with pearlite microstructures, obtaining a decrease in strength
and increment in ductility. At high cooling rates, fine austenite grain size formed
phases of ferrite, bainite and martensite in the final microstructure. The presence
of martensite in the microstructure significantly increased the strength of the
material.

5.6.1 Effect of slow cooling rate on the mechanical properties

The slow cooling rate at 0.5°C/s showed the best properties in terms of the
material’s ductility. At 900°C and 1000°C, polygonal ferrite was formed with
pearlite. While at 1100°C, the microstructures evolved to a mixture of PF, QF, and
bainite. When the temperature increased above 1200°C, the microstructures
transformed mainly bainite with ferrite areas. Figure 144 illustrates the effect
between the mechanical properties and volume fractions of phases elaborated in
the thermomechanical simulation.

At low austenitisation temperatures, the formation of polygonal ferrite with
pearlite had the lowest strength and the highest ductility. The austenite grain
boundaries are nucleation sites of polygonal ferrite and pearlite. Pearlite and
ferrite have a reconstructive transformation mechanism led by atom diffusion3°.
These microstructures showed the lowest ultimate strength in the testing, ~500
MPa.

The strength values were compared with other research; for example, Bott and
Vieira reported ultimate strength values ~ 450 MPa with a chemical composition
of 0.04% C and 1.86% Mn, PAGs ~ 3.5um and a cooling rate of 1.5°C/s. In this
research, the volume fraction of ferrite was ~95%, and the other 5% was formed
by bainite and MA constituents. Also, microhardness was reported with values
close to 150HV 180,
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The bainite appeared in the microstructure when the temperature increased above
1100°C. At 1100°C, the microstructure was a mixture of polygonal ferrite quasi
polygonal ferrite with bainite. Above 1200°C, bainite transformed into the primary
structure, and the ferrite started to vanish. Bainite plates have a highest density
dislocation than the displacive microstructures 43. This effect was observed in the
ultimate tensile strength; when bainite was formed in the microstructure, the
strength increased by ~ 20%. The increase in bainite volume fraction was
associated with the solubility of niobium at high temperatures and, consequently,
with the rapid rise of prior austenite grain size.

The prior austenite grain size was compared with the Tafteh material; in that work,
the chemical composition was 0.06%C, 1.65%Mn and 0.034% Nb. In Tafteh's work,
the prior austenite grain size was 37.7um at 1300°C during 1 min 181, The higher
niobium content in the present research (0.094%Nb) allowed to remain the prior
austenite grain size at 97.9um at 1300°C for 30 min in a sample of 12 mm width.
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Figure 144 Relation between mechanical properties with volume fraction of phases
elaborated in the thermomechanical simulation at 0.5°C/s of cooling rate.

Finally, the energy absorbed at 20, 0 and -50°C of temperature testing was
analysed. Figure 145 shows the relation between energy absorption and hardness
at different testing temperatures. The material increased its capability to absorb
energy at a high percentage of ferrite volume fraction. Pearlite is characterised by
convenient crack nucleation places, specifically at ferrite-cementite interfaces. But,
the crack propagates in ferrite during a brief distance till collision with a lamellar
of cementite. In this collision, the energy is absorbed in the propagation0. The
pearlite microstructure did not affect the absorbed energy during the testing.
However, the increase in bainite volume fraction reduced the energy absorbed in
all the testing temperatures.
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Figure 145 Relation between energy absorption and microhardness with volume
fraction of phases at 0.5°C/s of cooling rate. The Impact testing was done at 20°C,
0°C and -50°C.

5.6.2 Effect of medium cooling rate on the mechanical properties

The medium cooling rate showed an increase in mechanical properties compared
with the slow cooling rate. At 900°C of austenitisation temperature was the highest
increase of tensile strength compared with a slow cooling rate. At 900°C, the
polygonal ferrite had a volume fraction of 91.4%, with a tensile strength close to
570MPa; this increase was 16% higher than the TS at 0.5°C/s.

With an increase in the austenitisation temperature at 1000°C, the microstructure
evolved into quasi-polygonal ferrite and bainite zones. Above 1100°C, the bainite
transformed in the dominant microstructure and continued increasing its volume
fraction at the highest temperatures. However, the tensile strength did not show a
considerable increase. M/A constituents appeared at coarse PAGs; these
constituents showed a tensile strength increase of 9.6% compared with the
microstructure at 1100°C.

Grain growth zone temperatures (above 1100°C) showed a rapid increase in the
volume fraction of bainite and at the same time an increase in mechanical
properties. During the nucleation of bainite, carbon must divide within the
austenite grains forming subunits that grow without diffusion82, Above 1200°C
appeared M/A constituents in the microstructure. M/A constituents which
appeared in bainite are characterised by carbon enriched. During austenite
decomposition, carbon enriched partitioned in the remaining austenite forming
the constituents 183,
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Figure 146 Relation between mechanical properties with volume fraction of phases
elaborated in the thermomechanical simulation at 5°C/s of cooling rate.

The energy absorbed did not drastically change in all the testing conditions. Even
In the testing at -50°C, the values had a stable behaviour. Ferrite with pearlite
showed the lowest energy absorption in most of the conditions. Above 1000°C
appeared bainite, and the strength continued increasing in the presence of this
phase without significant change in the energy absorbed. The maximum absorbed
energy variability between the different temperature tests was 9% at 1000°C; the
average variation was less than 6% in the other conditions.

M/A constituents increased the strength in the microstructure, as observed
between the austenitisation temperature at 1100°C and 1200°C. However,
different authors reported a decrease in toughness because of these M/A
constituents 184 Also, the cooling rate’s effect on forming M/A constituents was
not apparent. Some authors reported that a slow cooling rate increased the volume
fraction of M/A constituents 185186 while others reported the opposite effect!87.
However, those reports needed to be clarified because the prior austenite grain
size was not identical in those studies. The present work showed the effect of the
cooling rate with the same prior austenite grain size. It was observed that M/A
constituents at 5°C/s were not visualised in the same manner at 0.5°C/s.

Some studies reported that M/A constituents could avoid the cracks’ propagation,
therefore increasing toughness. However, other studies reported that the initiation
of cracks started in the coarse M/A constituents. Thus, the distribution and size
homogenisation of M/A constituents is essential for good toughness behaviour 188,
This homogenisation of M/A constituents could explain the strength increase
without diminishing the material's toughness.
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Figure 147 Relation between energy absorption and microhardness with volume
fraction of phases at 5°C/s of cooling rate. The Impact testing was done at 20°C, 0°C
and -50°C.

5.6.3 Effect of high cooling rate on the mechanical properties

The cooling rate at 50°C/s showed the highest ultimate tensile strength in all the
austenitisation conditions. The martensite was presented in all austenitisation
temperatures and increased until 95.4% of volume fraction at 1300°C. The increase
in strength decreased the ductility at the same time. The highest tensile strength
was 830 MPa with a ductility of 18.4% at 1300°C; at this austenitisation
temperature, the martensite volume fraction was 95.4%. The lowest strength was
658 MPa with 29.2% of ductility at 900°C of austenitisation temperature; at this
temperature, the martensite volume fraction was 26.4%.

The martensite was essential in increasing tensile strength compared with the
other phases. The diffusionless transformation characterises the martensite, and
the two morphologies associated with the martensite are lath and plate. The lath
martensite in low carbon steels tends to endure brittle fracture 3¢. Figure 148
illustrates the relation between phase volume fraction and mechanical properties.
The increase in martensite fraction also increases the tensile strength due to the
solubility of carbon and the effect of martensite plastic behaviour 18°.

The martensite mechanical properties highly depend on morphology but also
crystallography. The most important characteristics of martensite crystallography
are laths, blocks, and packets. The laths have their name because of their shape;
some authors define them with a ratio of 30:7:1 between length, width and
thickness.
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Different laths with similar crystallographic orientation shape a block (Figure 149).
Depending on the material's chemical composition, the block could form sub-
blocks. When multiple blocks have the same habit plane, it creates a packet. The
interface between martensite and austenite on a macroscopic scale is defined as
the habit plane. Usually, the size of blocks and packets is related to the prior
austenite grain size and the cooling rate 1°0. However, a slight change in the tensile
strength was observed during experimentation at the highest austenitisation
temperatures (above 1200°C). The prior austenite grain size increased from
44 8um to 99.7um at those temperatures, and the tensile strength increased.
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Figure 148 Relation between mechanical properties with volume fraction of phases
elaborated in the thermomechanical simulation at 50°C/s of cooling rate.
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The toughness of the material had the expected behaviour (Figure 150). When the
martensite volume fraction increased, the material's toughness decreased. The
highest effect was observed at 0°C and -50°C of temperature testing and above
1200°C. You, Shang et al. reported that the density of laths with high
misorientation angle of boundaries had a better effect on the toughness of the
material. Also, the authors reported the advantage of niobium additions to obtain
the optimum packets in the crystals 191. The highest toughness decreased between
900°C and 1300°C was ~23%. The high misorientation angle shown at high
temperatures could avoid the highest diminished when the martensite volume
fraction increases to 95.4%.
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Figure 150 Relation between energy absorption and microhardness with volume
fraction of phases at 50°C/s of cooling rate. The Impact testing was done at 20°C,
0°C and -50°C.

Summary

Chapter 5 explains the obtained results with the different parameters in this
research. It described the effect on the mechanical properties in terms of prior
austenite grain size, the solubility of niobium and the cooling rate. The results were
compared with the literature of different authors. The mechanical properties
analysed were tensile strength, ductility, microhardness and impact. The effect of
the morphology was evaluated with the volume fraction of phases. At low cooling
temperatures, a mixture of pearlite and ferrite was obtained in lower
austenitisation temperatures and bainite and ferrite above 1100°C of
austenitisation. At a medium cooling rate, a mixture of ferrite with bainite and M/A
constituents was obtained at a high austenitisation temperature. Finally, at a
50°C/s of cooling rate, a mixture of martensite, ferrite and bainite was obtained in
the resulting microstructures at high temperatures of austenitisation.
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Chapter 6

Conclusion and future work

6.1 Conclusions

The thermomechanical processing allowed to study the properties of X80 steel
and the effect in heat affected zone. This steel is API classification, and the
hydrocarbon industry is the main application. This industry demands high
strength, high ductility and excellent weldability. The heat affected zone is the
most critical area in welding because most failures occur in that region.

The thermomechanical processing design used the heat treatment simulation to
have a proximity of the effect on temperatures and cooling rate in the heat affected
zone. The austenitisation temperatures impact the niobium solubility during the
testing; high temperatures increase the niobium solubility and consequently grow
the austenite grain size. The austenite decomposition was followed by different
cooling rates affecting the phase volume fraction. The combination of prior
austenite grain size and cooling rates results in various final microstructures and
mechanical properties. For example, the tensile strength at a slow cooling rate had
a tensile strength range from 490 MPa to 639MPa and a ductility range from
39.8% to 24%. At a medium cooling rate, the tensile strength range slightly
increased from 570 MPa to 671 MPa and the ductility range from 35.2% to 24.3%.
Finally, at a high cooling rate, the tensile strength range significantly increased
from 658 MPa to 830 MPa and the ductility range from 29.2% to 18.4%.

The following points were the most critical issues during this work:

1.- The cooling rate is a critical parameter in studying austenite decomposition.
The effect in the final microstructure is visualised with the change from 0.5°C/s to
50°C/s of cooling rate. The cooling rate has a direct impact on mechanical
properties. Slow cooling rates diminish the tensile strength and increase the
ductility. At the same time, high cooling rates increase the tensile strength but
decrease the ductility. This effect is related to the final microstructures obtained
at these cooling rates. Therefore, cooling rate control during welding is critical to
get the desired microstructure and the expected mechanical properties.
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2.- The austenitisation temperatures are crucial in studying grain growth. High
austenitisation temperatures increase precipitation solubility, affecting the prior
austenite grain size. At low austenitisation temperatures, the grain growth change
is minimal. However, when the temperature elevates, the niobium solubility
increase, producing rapid growth in the austenite grains. Also, the austenite grain
size allowed to observe an array of microstructures. At fine PAG’s (from 900°C to
1000°C) the microstructure evolves from different forms of ferrite and pearlite to
predominant bainite and martensite microstructures at coarse PAG’s (above
1100°C).

3.- The precipitates of niobium and titanium are decisive to retards the grain
growth during the austenitisation, the highest effect was above 1100°C of
reheating temperature. At 1282 °C all the niobium is completely solved in the
microstructure; however, the TiN continue retarding the grain growth above that
temperature. The precipitation effect was observed with the TEM carbon
extraction replica technique.

4.- From the evaluated heat treatments, the highest tensile strength was at coarse
prior austenite grain size and high cooling rate. The presence of martensite was
crucial to elevate the strength. However, the ductility diminished simultaneously.
The highest strength obtained an elevated martensite volume fraction, but these
conditions had the lowest toughness values. The opposite effect was shown at the
slow cooling rate. The strength decreased in fine prior austenite grain size, but the
ductility had the best results. Also, toughness had an excellent performance. At
5°C/s of cooling rate and austenitisation temperatures above 1200°C appeared
M/A constituents. These constituents are not desirable in terms of toughness
strength.

5.- The most remarkable combination of mechanical properties was obtained at
50°C/s and 1000°C of austenitisation temperature. In these conditions, the
microstructure was predominantly ferrite. At this temperature was obtained the
best mixture of tensile strength, ductility and toughness.

6.2 Future work

This section mentions some suggestions and aspects of future work in the
austenite decomposition studies and the effect of mechanical properties on
pipeline steels. After analysing the results, [ would like to reduce the holding time
during the heat treatment if I could extend my research for more time. This would
minimise austenite grain growth affecting the austenite decomposition. [ would
perform testing with 1 or 2 min of holding time instead of 30 min. This implies
smaller PAGs affecting the final microstructure and the mechanical properties.
The reduction of holding time would allow a close simulation of the welding
process where the holding times are usually short.
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After performing the simulation with a reduction in holding time, [ would analyse
the final microstructure and the effect on mechanical properties. The analysis of
mechanical properties and microstructure allows scaling the strategy to perform
testing with the industry. The industry capabilities of the cooling rate could be
analysed. However, the range between 0.5 to 50°C/s cooling rate offers a good
strategy for expecting the final microstructure. [ would change the temperature
testing of the Charpy test in the mechanical properties. I will reduce the
temperature because it was not a transition zone at -50°C. I performed a couple of
impact tests on the raw material at -80°C, and even at that temperature, it did not
show a significant change (less than 3%). Because of that, | would perform a test
at-100 or -120°C.

Another aspect not considered in this research is the quantification of precipitates.
During the testing, the precipitates were observed at different temperatures using
the carbon extraction replica technique. However, the experimentation part only
covered qualitative observation. It is possible to understand the precipitation
effect better at different austenitisation temperatures using quantification. In the
EBSD, I will use the Channel 5 Software to obtain more information about the final
microstructure; for example, it could give you more details about dislocations.

Finally, designing thicker samples is another aspect to consider for future research
on thermomechanical processing simulation. In the future, it is necessary to have
more material to obtain at least 10 mm width; this will enable us to compare the
toughness with other materials’ specifications quickly. Also, it is possible to
realise a HAZ simulation in the Gleeble machine. Haz simulation will allow
observing the effect of the temperature directly on the HAZ. An entire simulation
of the HAZ can offer welding optimisation comparing parameters used in the TMC.
The cooling could be changed in the maximum temperature because at 50°C/s, a
high percentage of martensite appears above 1200°C. According to the literature,
accepting cooling rates could be between 5 to 20°C/s to avoid martensitic
microstructure. The cooling strategy must be evaluated using the CCT diagrams
with the cooling rate and the PAGs. The PAGs will diminish if the holding time is
reduced.
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Appendix |

Microstructures in the optical microscope and SEM at high magnifications.

Higher and lower magnifications in the optical microscope and scanning electron
microscope were added to observe the effects of the heat affected zone
microstructure and the simulation of heat treatment. Appendix I.1 shows the
microhardness pattern through the heat affected zone and the evolution of
microstructure.

Appendix [.2-1.7 shows the optical microstructures in the heat treatment simulation
in TMC. The austenitisation temperatures were 900°C, 1000°C, 1100°C, 1200°C and
1300°C with cooling rates of 0.5°C/s, 5°C/s and 50°C/s. Appendix [.8-1.10 illustrates
the same microstructures evaluated in a scanning electron microscope.

Appendix 1.1-a

HAZ microhardness pattern in the X80 steel.
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Appendix 1.1-b

Evolution of the welding microstructure in the heat affected zone.
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Appendix 1.2

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 0.5°C/s

Austenitization temperature
900°C, 1000°C, 1100°C
G 1200°C, 1300°C @30 min
g
8 ey Cooling rate
S 0.5°C/s
g !
€
L
0

Time (s)

1100°C @ 30 mi

1200°C @ 30 min i T ) s 1300°C @ 30 min

193



Appendix 1.3

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 0.5°C/s.
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Appendix 1.4

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 5°C/s.

Austenitization temperature

900°C, 1000°C, 1100°C
G 1200°C, 1300°C @30 min
g
g Iy Cooling rate

Q o
g S 5°C/s
£
2
0

1200°C @ 30 min

Time (s)

195



Appendix 1.5

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 5°C/s.
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Appendix 1.6

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 50°C/s.
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Appendix 1.7

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 50°C/s.
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Appendix

1.8

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 0.5°C/s in SEM.
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Appendix 1.9

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 5°C/s in SEM.
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Appendix 1.10

Microstructure evolution at 900°C, 1000°C, 1100°C, 1200°C and 1300°C with a
cooling rate of 50°C/s in SEM.
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Appendix Il

Electron backscattered diffraction mapping

The resulting microstructure is crucial in the evaluation of mechanical properties. The
distribution and quantity of phases is critical to determine the influence of each phase
on the mechanical properties. EBSD is an important technique in the analysis and
quantification of phases. X80 steel meanly consists of a mixture of different
microstructures such as ferrite, bainite, martensite, and at slow cooling rates appear
pearlite. Also, small quantities of retained austenite in the microstructure could
appear depending on the cooling rate.

The next EBSD maps were constructed to identify and detect the quantity of the
phases in each condition, except the phases with ferrite and pearlite. Section 4.8
explains the procedure to separate the phases, the procedure is based on the crystal
structure of the material using the EBSD. In the quantification of phases were used
grain orientation spread, band contrast map, and the aspect ratio which appears in
grains. The first criterion in the grain identification was the misorientation angle
higher or equal to 5°, after that the minimum grain area must be greater than 0.4um?
or 10 pixels.
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Appendix II-1

EBSD maps at 1100°C of austenitisation temperature and 0.5°C/s of cooling rate
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Appendix I1-2

EBSD maps at 1200°C of austenitisation temperature and 0.5°C/s of cooling rate
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Appendix II-3

EBSD maps at 1300°C of austenitisation temperature and 0.5°C/s of cooling rate
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Appendix I1-4

EBSD maps at 1000°C of austenitisation temperature and 5°C/s of cooling rate
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Appendix II-5

EBSD maps at 1100°C of austenitisation temperature and 5°C/s of cooling rate
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Appendix II-6

EBSD maps at 1200°C of austenitisation temperature and 5°C/s of cooling rate
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Appendix II-7

EBSD maps at 1300°C of austenitisation temperature and 5°C/s of cooling rate
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Appendix II-8

EBSD maps at 1100°C of austenitisation temperature and 50°C/s of cooling rate
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Appendix II-9

EBSD maps at 1200°C of austenitisation temperature and 50°C/s of cooling rate
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Appendix II-10

EBSD maps at 1300°C of austenitisation temperature and 50°C/s of cooling rate
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