EFFECTS OF HEAT INPUT AND THERMAL CYCLES TO THE FRACTURE
TOUGHNESS OF API 5L GRADE X70M STEEL WELDED BY GAS METAL
ARC WELDING

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL ANDAPPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ERENEROL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE ORMASTER OF SCIENCE
IN
METALLURGICAL AND MA TERIALS ENGINEERING

DECEMBER 2019






Approval of the thesis:

EFFECTS OF HEAT INPUT AND THERMAL CYCLES TO THE
FRACTURE TOUGHNESS OF API 5L GRADE X70M STEEL WELDED BY
GAS METAL ARC WELDIN G

submitted byEREN EROL in partial fulfilment of the requirements for the degree
of Master of Sciencein Metallurgical and Materials Engineering Department,
Middle East Technical University by,

Prof. Dr. Halil Kal eép-¢él ar
Dean, Graduate School Nhtural and Applied Sciences

Prof. Dr.C. Hakan Gur
Head of DepartmenMet. and Mat. Eng.

Prof. Dr. C. Hakan Gir
SupervisorMet. and Mat. Eng., METU

DrrKoray Yurteékek
Co-SupervisorWeld. Tech. and NDT Res./App. C., METU

Examining Committee Members:

Prof. Dr.Bilgehan Ogel
Met. and Mat. Eng., METU

Prof. Dr.C. Hakan Gir
Met. and Mat. EngMETU

Prof. Dr.CevdetKaynak
Met. and Mat. Eng., METU

Prof. DrReéeza G¢r bz
Met. and Mat. Eng., METU

Assist. Prof. DrKemal Davut
Met. and Mat. Eng., Atéleéem

Date:09.12.2019



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced all
material and resultsthat are not original to this work.

Name,Surname ErenErol

Signature



ABSTRACT

EFFECTS OF HEAT INPUT AND THERMAL CYCLES TO THE
FRACTURE TOUGHNESS OF API 5L GRADE X70M STEEL WELDED BY
GAS METAL ARC WELDIN G

Erol, Eren
Master of ScienceMetallurgical and Materials Engineering
SupervisorProf. Dr.C. Hakan Gur
Co-SupervisorDr.Kor ay Yurt ékek

December 2019112 pages

High strength low alloy steels are widely used in line pipe applications since they have
reasonably high strength and ¢guness due to their micadloying elements and
production via thermomechanically controlled process. During welding of these
steels, microstructures of the fusion zone and the heat affected zone consisting
globular and acicular ferrite alter due to indidiceeat and thermal cycles.
Consequently, changes in the microstructure affects the mechanical properties such as
fracture toughness. Gas metal arc welding used in line pipe applications has several
advantages such as high quality welds in short time, gitypho extra flux is needed,

and no slag. The primary aim of this work to understand the effects of heat input and
number of thermal cycles in gas metal arc welding on the fracture toughness of API
5L X70M steel Effects of heat input and thermal cyctegyinating from weld passes

on formation of local brittle zones and effe¢iocal brittle zone®n general fracture
mechanism werénvestigated.Particular emphasis has been placedtl@coarse
grained heat affected zane



Keywords: Gas Metal Arc Welding, Heat Input, High Strength Léwoy Steel,

Microstructure, Crack Tip Opening Displacement
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| SI GKRDKSK VE | SIL D¥NG!|LERKN GAZ ALTI
KAYNAKLANMI k APl 5L X70M ¢ELKJKNKN KI RI
ETKKSK

Erol, Eren
Yiksek LisansMet al urji ve Mal zeme M¢ihendi
Tez Da nRd BraCnHakan Gur
Ortak KenabBané&] Korjayesiurt éxkek

Ar al é Kl122a9fa 9

Yé¢ksek dayan-1é& d¢egkegk al akeéml é erievéi kil er
termomekanik haddeleme uretim metodunun sonucu olarak oldukg¢a iyi mukavemet

ve tokluja sahiptir. Mekani k °zellikleri
kull anémlaré olduk-a fazladeér. Borul ar én
dongd er et ki siyle mal zemede ol ukan ergi me
mi kroyapélaré dejikmekte ve Dbu durum ma
°czellijini etkil emektedir. Gazalteée kayna
kaynak elde edilmei , basit ol masé ve bir c¢gruf ol
i htiya- ol mamaseé ®iubi adhkeaymoal ||l ammews ahPIpth
boru hatteée -eliklerinin kéeréelma tokluju c
sayeéseéena idradyiammianve sés gl d°nge¢l erin yerel
davr greeékée ne et kil €alié kandackied @éi|l mean &lr i é

etkilerenbdlgeggeo d a k| anél méxkt ér

Anahtar KelimelerGaz Met al Ark Kaynaj é, Il sée Gird

Al akem¢el i k, K-yapé, tcatl ak Ucu A-él éem De
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Energy is essential and has a great importance for humabewed). It is a key factor

for nationaleconomies and it is important to establish dominance on energy resources
since it is indispensable for industry and daily life. Clean and renewable energy
demand increases more and more. Despite the fact that there are many researches and
devdopments in renewable energy sources, it is inevitable to use fossil fuels. The
transportation of these fossil fuels is advancing and getting easier with understanding
the materials and the techniques used in manufacturing and developments in
equipment. Whan economy and safety concerns are taken into account, pipelines are

the best way for fossil fuel transportation.

The construction of the pipelines requires the joining of the line pipes with girth
welding, i.e. circumferential welding. Seamless ora@nd line welded pipes can be

used and different welding methods can be employed. The construction of the
pipelines needs engineering of welding and it is a meticulous process. During
structural integrity assessments of pipelines, welding joints deaapecial concern

due to noruniform nature of the process. A strong mismatch exists between the base
metal, weld metal and the fusion zone. Strength and the fracture toughness parameters
of the joints give the necessary data for engineering critical sasses (ECA), a

method of structural integrity assessment.



Welding process is a rate limiting step in construction of pipelines. Introducing the
obtained testing data to ECA shows that the tolerable flaw sizes are larger than the
flaw size criteria comig from conventional workmanship. Consequently, quite low

repair rates and quite high production rates have been achieved.

TransAnatolian Natural Gas Pipeline Project (TANAP) which launched in20i8
delivers natural gas developed from Azerbaijan Sbahiz2 Stage to Turkey and
Europe. With its 1850 km of length, TANAP is one of the biggest pipeline projects
which constructed under one management agent. Welding Technology and Non
destructive Testing Research / Application Center in Middle East Tedhnic
University hascontributel to this project in terms of mechanical and microstructural
characterization of preonstruction and construction weldments significantigr F
instance ffacture toughness determination tests have been conductetbre than

1300 SENB and SENT specimens. Conventional mechanical tests such as hardness,

tensile and Charpy impact toughness thateeconductedhs well.

Combining fracture mechanics analyses with microstructural evahsats a

challenging taskSince the intecritically reheated coarse grain heat affected zone
(IRCGHAZ) in an aswvelded high strength low alloy (HSLA) steel presents the worst
behavior in tems of toughness, microstructural alteration during welding thermal

cycles and consequent effects on toughisesgsry critical.



1.2.Scope

Micro-alloyed or HSLA steel APl 5L X70M one of the magidely used steels in
pipeline applications, such as TANAP. It has relatively high properties and it is more
favorable than other high strength low alloy steels such as X80 and X90 when the
production costs are t aken eriiestomefoitcsount .
constituents, in very small amounts miaioying elements, and fabrication method,
thermomechanically controlled processing. The maltoying elements favors
acicular and polygonal ferrite formation and yield higher toughnesssvarapared

with carbon steels. By using proper welding techniques and procedures, deteriorating
effects of welding on mechanical properties and microstructure are tried to be

minimized.

Heating and cooling sequences, namely thermal cycles, duringpas#iwelding,

form different regions in base metal and fusion zone. In intercritically reheated coarse
grained heat affected zone (IRCGHAZ), formed after reheating the coarse grained heat
affected zone (CGHAZ) to austenite/ferrite two phase region byaniolg thermal

cycle, destructive effects of welding can be seen clearly. IRCGHAZ has lower

toughness than CGHAZ and it is very suspicious in terms of local brittle zones (LBZSs).

In the scope of this thesis, LBZs, martensitsstenite (MA) constituens including

high carbon content and retained austenite, which decrease the toughness of the HAZ
significantly and gives the lowest toughness values were examinédfdvnation

which are correlated with prior austenite grains (PAG) and PAG sizé& M
transbrmation and its Carbon content, formation types, and the size -&f M

constituents was studied in HSLA steel API 5L X70M with respect to weld heat input

and cooling rates with the aid of fractur

edge notched bergpecimens.






CHAPTER 2

THEORY

2.1.General

This is composed of five sections. Firshe properties of APl 5L X70M steel, its
properties and its manufacturing method are given. Secondly, a brief information
about girth welding of line pes is given. Thirdly, welding metallurgy of HSLA steel

is described in detail. Fourthly, fithekw-service analysis of line pipe is discussed
briefly. Lastly, the main concern of this thesis, fracture mechanics is described in
detail in accordance witthe current welding codes and standards and in historical

perspective as well.

2.2.Parent Material

Pipelines are the most common and widely used transfer method for the fossil energy
sources. Different line pipe materials are produced in diverse methodscamdiag

to different standards such as API, ASME and ISO. In steel pipe industry, API
standards are the most commonly used one and API specificatiphP3I15L] which
specifies the requirements for production of seamless and welded steel pipes for use
in oil and gas industries is the most popular one in this industry. This specification has
a wide range of line pipe steel grades with two different kind of product specification
level (PSL), namely PSIL and PSE2.

PSL-1 and PSLE2 pipes are differ mainlyniterms of chemical properties, mechanical
properties and delivery condition. PSLlimits the C, S, P contents of the steels



differently with respect to the grades while P3lgives maximum values of these
elements same in every grade. For HSsteels, tiis sufficient to meet minimum
requirements whereas P&Llimits the yield and ultimate tensile strength of the pipes.
Furthermore, PSI1 pipes can be delivered with beHedd, threade&nd and plain
end however PSR pipes can only be delivered with jpleend condition.

The steel grades in PSL 1 are designated by letters or alphanumeric characters, the

steel grade is the same with the pipe grade and designation, which associated with

steel 6s chemical composi ti onl Inaddtdnitc at es t he
these PSL 2 pipes designation includes a single letter suffix depends on the delivery

condition. The digits following the L and M letters indicates the specified minimum

yield strength in MPa and ksiwhich rounded down to the nearestemr

respectively. In PSL 2 type steels, suffices indicates delivery conditions and R means

asrolled, N means normalized, Q means quenched, and M means thermomechanically

rolled.

In oil and natural gas transportation, APl 5L X42, X52 and X60 (PSLek)ssare
commonly used. Since in pipelines higher strengths are required, APl 5L X70M (PSL
2) is widely used with its advantages coming from thermomechanical processing, its

price/performance ratio and its availability over APl 5L X65 and X80.

X70M grade steelshould havemin. 70 ksi (485 MPa) vyield strength and
thermomechanically formed. The mechanical properties and chemical composition

specified by the standagatde givenn Table2.1 andTable2.1 [1].



Table2.1. Mechanical properties of API 5L X70M grade pipeline stEdls

. Tensile Strength |Elongation
Yield Strength (MPa
Steel Grade gth ( ) (MPa) (%)
min max min min
X70M 485 635 570 X70M 485

Table2.2. Chemical composition limitations of API 5L X70M grade pipeligk

Steel Grade Maximum Mass Fractiona(t.%) Max. Carbon
Equivakent
C| Si |[Mn| P S |V|Nb| Ti |Other|CEIIW |CEPcm

X70M 0.12| 0.45|1.70/0.25/0.015 a| a | a | b,c | 0.43 | 0.25
a Nb + V + Ti O 0.15%

Cu O 0,50 %; Ni O 0,50 %; Cr O O
c B O 0,001%.

Although increasing the carbon content of the steels increasestrength and the
hardness, it deteriorates the some other propesties as fracture toughness and
weldability. Microalloyed steels, or higétrength lowalloy (HSLA) steelshave been
developed to provide better properties (e.g., maacal and atmospheric corrosion
resistance) than conventional carbon steels. HSLA steels have yield strength greater
than 275 MPa and they have low C content (0.05% to 0.025%) to optimize formability
and weldability, and they have Mn content up to 2[8%6

Microalloying basically increases the strength of the steel via grain refining and
precipitation strengthening by adding small amounts of alloying elements, mainly
vanadium, niobium, and titanium as well as some other elements such as molybdenum,
copper, boon, zirconium, and nitrogenTable 2.3 summarizes the review of
Vervynckt et af4] shows the effects of frequently used microalloying elements. V,

Nb, andTi are very effective when they used as microalloyiteggnents in ferrite



pearlite steels and have different strengthening mechanisms. Coarse titanium nitrides
formed in microalloyed steels are stable at high temperatures and this gives control of
the austenite grain size at elevated temperatures specélast working and welding
processed.ow-temperaturearbide anaarbosulfideprecipitates of Ti strengthen the
material. The most important role of Niobium in steel is the austenite conditioning by
controlling the austenite defect amount which could be plessucleation sites for
ferrite during transformation. It also helps grain refinement by retarding
recrystallization of austenite with its carbides and nitrides which are dissolved in
austenite at elevated temperatures. Furthermore, the precipitatidb(Gf N) in

ferrite increases the strength around 90 MPa. Although Nb is a ferrite stabilizer, it
unexpectedly retards austenite to ferrite transformation even at very low Nb
concentrations by exertingsalutedrag on the phase boundary. Vanadidoesnot

form precipitates in austenite and it joins precipitation hardening during and after the
austenite to ferrite transformation. Depending on the rolling plan and chemical
composition, precipitation of Vanadium carbides and nitrides can lead to remarkable
strength increasd#]. Unless ferrite or pearlite structures are desired, to enhance the
hardenability, Mo is added to hot worked HSLA steels. Despite Mo retards bainite
growth with a solute drag concept, its retardation effect on pearlite and ferrite
formation is more dominant. Additions of before mentioned alloying elements in very
smallamountdncreaseshe strength of the standard carbon steels without any further
processes by increasing the complete recrystallization temperature and retard austenite
recrystallization. Moreover, their precipitation particles inhibit the grain growth of
austeni¢, which will be transformed to ferrite, by solute drag and pinning effects and
results infiner microstructure. This gives the opportunity to increase the weldability
and toughness of the steel by decreasing carbon content without decreasing the
strength3].



Table2.3. Alloying elements frequently used in HSLA stefl}

Element | Amountin HSLA/wt% Influence

C <0.25 -Strengthener
-Delays austenite decomposition during
accelerated cooling

Mn 0.52 -Mild solid solution strengthener
-Decreases ductile tarittle transition
temperature

Sj 0.105 -DeQX|d|$r_|n molten steel
-Solid solutionstrengthener
-Deoxidiser

Al >0.02 o .
-Limits grain growth (AIN)
-Very strong ferrite strenghtener
N N

Nb 0.020.06 [ b(.C’ .)]
-Grain size control
-Del ays 2 to U tra

Ti 0-0.06 -Grain S|ze.control (TIN formation)
-Strong ferrite strengthener

Vv 0-0.1 -Strong ferrite strengthener (VN)

N <0.012 -Forms TiN, VN and AIN

Mo 0-0.3 -Promotes bainite formation

Ni 0-0.5 -Increases fracture toughness

Cu 0-0.55 -Impr.oves corrosion resistance
-Ferrite strengthener

Cr 0-1.25 -Improves atmospher.lc corrosion
resistance (when Cu is also added)

In API standard, M letter followinghe yield strength digits indicates the delivery
condition; thermomechanically rolled condition. Along with the microalloying
thermomechanical processing is another efficient way of achieving superior
mechanical properties and it has importance in microstructural evolution of many line
pipe steel including API 5L X70M.



Thermomechanical Controlled Process (TMCP) was bormiged of an alternative

way to obtain finer grain sizes to increase both strength and toughness apart from
traditional heat treatment processes. As indicateddwellyn [5], in the late 1950s,

to increase the impactrgperties micrealloyed steels, th@ormalizing process is
applied, however, while this goal is achieved, the strength advantage of the micro
alloyed steel was lost. It is first developed in Japan in the 1980s, adopting lower
finishing temperatures than moal finishing temperatures to obtain finer
microstructure and better mechanical properties became known as controlled rolling
and it evolves to the term thermomechanical processing with time to cover both hot
rolling and acceleratedooling stages durinthe course of operation.

As atwo-stageprocess, when TMCH-{gure 2.1) is compared with traditional hot
working operations a time delay between roughing and finishing draws the attention.
The time delay enables one to carry out the finishing operations at temperatures below
recrystallizationtemperature. This results in the formation of pancaked austenite
grains andtransformation to a fingrained acicular ferrite structure. Addition of
carbide forming elements, which are discussed before, remarkably facilitate the
process. Particularly, it was shown that the addition of about 0.05% Nb @auses
marked retardation inrecrystallization allowing controlled rolling at significantly

higher temperaturd$].

The uniform and very fine acicular ferrite microstructure in TMCP steeldshigher
strength and better toughness. Furthermof®CP process facilitates lower
hardenability, TMCP steels can be used in welding applications where extra high heat
input is required and as stated by Kikuta et al. it improves weld cold cracking
resistance, especially in the rolling directiéh. Cuddy reportedhatto obtain a fine
acicular ferritic microstructure in HSLA steels, austenite grains should be flattened

and elongated by increasing deformations at lower finishing temperftiires
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Normal cooling
Accelerated cooling £

400

Figure2.1. Schematic representation of rolling schedules of traditional rolling and normalizing
(upper) and thermomechanical presiag (lower)[5]

Microalloying increases the strength of the steels significantly through grain
refinement and praaitation hardening by adding small amounts of alloying elements.
With microalloying and different processing methods, different microstructures are
formed such as polygonal ferrite (PF), quagpolygonal ferrite (QP) or massive
ferrite, bainitic or aciclar ferrite (BF, AF), granular ferrite (GF) and granular bainite

(GB) [8].
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Microstructural definitions on API X70M PSL2 is done according to the definitions
by Araki et al[9] and Krauss andRiompson[8] in the light optical miroscope and
scanning electron microscope iRigure 2.2 and Figure 2.3. PFs are the
microstructures which are formeatihigher temperatures and slower cooling rates and
grows into equiaxed grain®@n the other hand, AF is the &nferritic microstructure

which is transformed from austenite in the intermediate temperature [&8hges

Figure2.2. Light Optical Microscopy (LOM) micrograph of the APl X70M steel. (AF: acicular
ferrite, PF: polygonal ferrite, P: pearlite). 150{8{
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wD mag HV 10 pm

WD mag HV HFW 50 ym
8.0 mm |2 000 x| 20.0 kV | 149 pm METE-METU 8.0 mm | 10 000 x | 20.0 kV | 2 METE-METU

Figure2.3. Scanning Electron Microscope (SEM) micrograph of the basaln{AF: acicular ferrite,
PF: polygonal ferrite). [8]

Lan et al. have worked on effects of different microstructures on mechanical properties
of API X70 steel. When high finish rolling and cooling stop temperatures are applied,
microstructures are may composed of QF with P and little AF, stated as A and B.
On the other hand, lower finish rolling and cooling stop temperatures yield AF as
major microstructural constituent together with GF and QF namely C and D. SEM
micrographs of these steels are give theFigure2.4. Tensile tests and Charpy V

notch impact toughness tests betwedhand-60°C were performedresults of these

tests are summarized Trable2.4{10].
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Table2.4. Tensile Properties and Impact Absorbed Energies of Different Microstruciémed70

Steels [9]

Yield Tensile .| Yield | Absorbed Energy (J)
Steel Strengthl Strength Elongation Ratio

(MPa) | (MPa) (%) %) -10°C | -40°C | -60°C
A 485 595 23 0.82 75 55 47
B 490 600 20 0.82 77 65 40
C 545 670 25 081 | 135 | 145 | 130
D 580 700 20 0.83 | 147 | 160 14

Figure2.4. SEM Micrographs of API X70 Steel produced with Different Rolling Process Routes. (a)
Steel A, (b) Steel B, (c) Steel C, (d) Steel D [9]

Zhao and Palmiere stated that acicular ferfiiction increases with reduced prior
austenite size to some extent, and reducing the austenite grain size refines the

microstructure and homogenizes the structure. However, further reduction of prior
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austenite size does not affect the acicular ferméetion and refinement of the

transformed microstructufé1l].

2.3.Girth Welding of Line Pipes

For girth welding arcfusionwelding techniqueare used. In the mainlin@pes,it is
done automatically with GMAW technique. Ftre tieins manually GTAW and
SMAW techniques and serautomatically gashielded FCAW and MCAW
techniques are used.

Fusion welding process joins or fuses materials with or without a filler material by
heating them up to their melting points via diffdrbrat sources such as electric arc,

electrical resistance, gas or plasma.

Temperature gradients in fusion welding techniques are higher than that of casting
processes as the heat source, the welding torch, moves anarzhsmlten metal

starts to cootlown immediatelyFigure2.5 shows the distributions of temperature in

a weldingprocess. While temperatuneay exceed 500°C in the center of the weld

pool, itdropsto 5083600°C in 3-4 mm after the torch has passed.
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Figure2.5. Temperature distribution in a welding process [11]

As it is mentioned before, fusion welding can be done with or witfilgart material.

Methods using filler material must be designed carefully with respect to the base metal
and the desired microstructure since it can alter the chemical compositi@nbafsth

metal and consequently the microstructure of the Fusion Zone and Heat Affected
Zone. Without a filler material, the main concern is thermal cycles which base metal
is experienced. The effect of these thermal cycles on the microstructure of the
materals changes with the distance from the Fusion Zone, Heat Input and the heat

transfer characteristics of the materials.

Arc welding is one of the fusion welding techniques which uselsg¢la®f an electric

arc forming between the base metal and eleettodanelt and join materials. Different
electrodes are used in arc welding as consumable naneconsumable ones.
Consumable electrodes melt and fill the gap between the metals. Therefore, the
chemistry of the electrodes should be complemental or compatith base metal

since they become a part of the weld itself. Namonsumable electrodes do not melt
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during welding except the very tip of the electrode. They are made of carbon or high
melting point metals, alloys or combination of these with oxidels as@ure tungsten,

tungsten with 1% thorium, and tungsten with a@.5% zirconium.

During welding, the molten metal is very sensitive to atmospheric gases such as
oxygen, nitrogen, hydrogeandoxides of carbon. These gases may cause defects and
undesirable microstructure and deteriorate the weld structure when they react with
molten metal. Weld pool and the fusion zone should be protected to have free of
contaminants and sound weld. Fluxes or shielding gases are used to protect the weld
from theatmasphereand the classification of the arc welding techniques is based on

the way of protection and arc characteristics.
In Table 2.5 basic arc welding methods can be classified in European norms and

American codes are given. European standards have numerical designations in

addition to alphabetical representation.

Table2.5. Arc welding methods

AWS / ASME EN/I1SO
: . Manual Metal Arc Welding
Shielded Metal Arc Welding (SMAW) (MMA), 111
. Submerged Arc Welding
Submerged Arc Welding (SAW) (SAW), 12
MetalArc Inert/Active Gas
Gas Metal Arc Welding (GMAW) Welding (MIG/MAG),
131435

Flux Cored Wire Metal Arc
Welding (FCAW), 114
Tungsten Inert Gas Welding

(TIG), 14

Flux Cored Arc Welding (FCAW)

Gas Tungsten Arc Welding (GTAW)
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Shielded metal arc welding (SMAW), also called manual arc welding (MMA), is one

of the earliest manuadrc weldingprocessesn which consumable coated metal
electrodes are used. Consumable metal electrode core is covered with mixtures of
substances such as chemicals and minerals. Once the arc is generated, the arc heat
melts the core and the flux, thus eotective shield gas environment is formed by
ionization of the gas at molten state. The flisx also preventsatmospheric
contamination during solidification by forming a slag on the weld metal. Schematic

representation of the technique is giverrigure2.6.

Direction of travel Electrode flux

_’
Electrode
Arc column
OR
Arc plasma
Solidified slag

Shielding gases

Weld metal !y

Parent metal

Figure2.6. Schematic representation of SMAWmiqugl12]

Gas metal arc welding (GMAW), is also nathas metal inert gas (MIG) welding
when the shielding gas is inert or metal active gas (MAG) welding when the gas
contains an active gas can be seekigure 2.7 representativelyAn electricarc is
created between thveorkpieceand automatically fed wire and the weld zone, FZ and
HAZ, is protected by supplying a gas or gas mixture \gasnozzle.The gasnixture

is determined specifically to the material and the type of metal transfer mode.
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Normally, for welding of aluminum, copper, magnesium inert gases/gas mixtures are
used such as pure argon or argon helium mixtures. In welding of low carbon and mild
steels, argn with CQ (5-20%) and sometimes some @as mixtures are the most

popular ones. Argon is also used for stainless steels with the addition of small amounts
(1-3%) of CQ or Q..

Flow meter Regulator
(@) ~nd
Wire - /
Wire drive reel \‘
& control Wi
. ire
c\j\i!‘r?elgtli%% Gun electrode
-
/—\j o) (O /
orkpiece Power j| Shielding
Cable 1| Source as
. 3 | cylinder
Cable 2
Wire electrode
Sh@ldégg Contact tube
(b)
o Cable 1
Shle;célng /«— Shielding gas
9 nozzle

dropie \‘><Arc
rople K =
* Weld
© « ?‘ “— metal

7 /
Base metal Weld pool

Figure2.7. Gag metal arc welding: (a) overall process; (b) welding area enlarged [13]
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The gasmixture is determined specifically to the material and the type of metal
transfer mode. Normally, for welding of nonferrous metals such as aluminum, copper,
magnesium inert gaskyas mixtures are used such as pure argon, helium or their
mixtures. Since Ar has lower thermal conductivity, the arc energy is less uniformly
dispersed in an Ar arc than a He arc. Assalt,Ar arc plasma hasigherenergy than

He in the core and an tar mantle of lesser energy. This leads to a more stable, axial
transfer of metal droplets through arc plasinawelding of ferrous metals, pure He
shielding may produce spatter and pure Ar shielding may cause undercutting at the
FL. Argon with CQ (5-20%) and sometimes some @as mixtures are the most
popular ones to overcome these problems. Argon is also used for stainless steels with
the addition of small amounts-@P6) of CQ or O.. Generally, CQis used as a
shielding gas in carbon and lealloy steels because of its advantages on welding
speed, penetratioandcost. When C®is used as a shielding gas, it produces a high
level of spatter, the electrode tip is actually below the base metal surface because a

relatively low voltage is used to mmize spattef13].

There are three basic metal s8ar modes exist at the electrode tip when the molten
metal is transferred to tiveeld pool:

9 Globular transfer: Under the influence of gravity, discrete metal drops
generally larger than the electrode diameter move across the arc gap. It
produces spattend it is not smooth generalllyigure2.8a shows the globular
transfer mode

1 Spray transfer: Under the influence oelectromagnetic forcesmall
discrete metal drops move across the arc gap hagler frequency than
globular transfer. It does not produce much spatter and metal transfer is much
more stable than thglobular mode. Figure 2.8b shows thespraytransfer
mode.

9 Short-circuiting transfer: Transfer of the molten metal at the electrode tip

is done whershortcircuiting ocaurs i.e. when it touches to the weld pool
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surface.The createaveld pool is small and fagtfreezing and therefore it is

desirable to use it in the welding of thin sections.

Figure2.8. Metal transfer during GMAW of steel with AR% O2 shielding: (a) globular transfer at
180A and 29V shown at every 3 xBGs; (b) spray transfer at 320A and 29V shown at every 2.5 x10
4 s. Reprinted from Jones et al.[15]. Courtesy of American Welding Society

Flux-coredarc welding (FCAW), theschematioview can be seen iRigure2.9, has
similarities with GMAW. However, as theame impliesflux coredelectrodes are

used in FCAW rather than solids. The electrodes are in tubular structure with flux
inside. These electrodes can be used with external shielding gases or they are self
shielded itself. In selhielded electrodes, @lflux decomposes and vaporizes in the

arc and produce a shielding gas environment to protect the FZ and HAZ from
atmospheric gases. An extensive slag coverage is obtained during welding and this
slag slows down the cooling of the weld. However, this meguihe removal of the

slag after welding via a hammer or wire brush between the passes to keegdhe

free from inclusions. Préeating of these se¢hielding fluxcored electrodes
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increases buroff efficiency and deposit rate; and decreases per@trdépth. These
electrodes simplifies the welding operation since additional equipment such as big

welding guns and shielding gas tubes are eliminated.
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Figure2.9. Schematic view of fluxcored ac welding (FCAW) (a) overall process (b) welding area
enlarged

There are some disadvantages of-skiélding electrodes used in FCAW method.
Precautions should be taken taegeamount of fumes which may affect the human
health produced during weldin§elf-shielding electrodes have detrimental effects on
weld metal due to their contents which denitrifies and deoxidize the weld metal. For

instance, even though it neutralizes the undesired effect of oxygen in the arc zone,
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primary element aluminum insidbe core lowers impact toughness and ductility of

the weld metal in FZ. To overcome these effects, external shielding gases are used.
CQOyis the most widely used because of its low cost and benefits in deeper penetration.
Depending on the material beingeMed, the C@can act as either carburizing or
decarburizing medium. In metals having higher C content more than 0.10%,
decarburization may occur and CO can be trapped in the weld metal and can cause

porosity[14].

MetatCored Arc Wéding (MCAW) is another form of GMAW using metal cover

and a core of powdered materials producing slag on the face of a weld bead. In this
method, external shielding gas variations are wider and alloy compositions are more
flexible than GMAW.

Gastungsta arc welding (GTAW) is a fusion welding process in which the arc is
created between a nawonsumable electrode, generally tungsten, andvidrkpiece

The arc melts the parent metal. The weld pool is protected by an inert gas supplied
through welding tore via a nozzle and excludes atmospheric gases frorweldk

area. Because of the gases used, GTi8Wiso referreds tungstemnert gas (TIG)

welding. GTAW can also be performed using filler materials in rod form.

Different polarities can be used in GWAwith respect to the applicati@mea Figure
2.10):

1 Direct-Current Electrode Negative (DCEN)  This is the most common
polarity used in GTAW and also called as straight polarity. The electrode is
connected to the negative terminal of the power supply and electrons flow
towards the base metal. Electrons are accelerated tnduiigingthrough the

arc and strik the base metal at high velocity due motentialdifference. The
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amount of energy required to emit an electron fronetbeetrodas called work
function and it is released when the electron hits the base metal surface. It is
considered 66% of the tdtarc heat is located in the base metal and the rest is
at the electrode end. This helps in melting of the base metal and yields a

relatively narrow and deep weld.

Direct-Current Electrode Positive (DCEP) The base metal s
connected to the negative termimf the power supply and this is also called

the reverse polarity. Electrons are emitted from the base metibartdward

the electrode. This time the heating effect is at electrode rather than the base
metal. Therefore, a large diametegtercooledelectrodes should be used in
order to prevent the electrode from melting. During the avalanche of electrons
from base metal, oxide films are knocked off and a clean weld surface is

obtained.

1 Alternating Current (AC) This polarity has moderate effects terms of

penetration and oxide cleanirj@5]

DC electrode DC electrode AC
negative positive
bR e v
®o o Do
® © ® o ® o
@ © ® o @ o
deep weld, shallow weld, intermediate
no surface cleaning surface cleaning
(a) (b) ()

Figure2.10. Different polaritiesih GTAW (a) DCEN (b) DCEP (c) AC [13]
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GTAW has advantages such as stable arc and excellent control of the welding. It can
be used for welding of stainless steel and copper and owing to its cleanliness it can be
used in thevelding of reactive metals sucts ditanium, zirconium, aluminum alloys,

and magnesium alloys. It can be used inwedding of thin sheets withoufiller
material. However, GTAW is applicable to thin materials, from about 0.5 mm up to 3
mm thickness and the deposition rate is very lowentompared with other methods
such as GMAW and SMAW. The deposition rate can be improved by usiingared
electrodes. Moreover, the processighly skill dependent and requires experienced
and talented welding operators. Higher welding currents masecthe melting of the
nonconsumable tungsten electrode and may yield tungsten inclusions in the weld

metal.

Heat source efficiency dq@ can be defined :

- 1)

whereQnominal IS the nominal power heat source &pds the rate of transferred heat
from the heat source to the workpietgsia is the welding time. When the heat
provided by heat source flows through the workpiece, some of the energy is
transkrred to the workpiece and the remaining is lost to the surroundideat

transfer rate, can easily be calculated from the Equation 2.

The arc efficiency can be expressed as

N N

— 2)

whereV is the constant voltage ahds the constant current. Welding,the term heat

inputis often referredo QnominaiOr VI in the case of arc welding. The term heat input
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per unit length can be calculated by including the efficiency to the expression
QnominafV, or VI/vwherev is the welding spedd5]. The heat inpiformula for kJ/mm

is given as

"OC0QG@E 66~ QI TBHT ©)

where V in volts, | in amperes and v is in millimeters per minute.

Efficiencies of the welding techniques according to the EN dl0Ate given inTable
2.6

Table2.6. Efficiencies of different welding techniquést]

Welding Technique Efficienc)y
Submerged Arc Welding (SAW) 1.0
Shielded Metal Arc Welding (SMAW) 0.8
Gas Metal Arc Welohg (GMAW) 0.8
Flux-Cored Arc Welding (FCAW) 0.8
Gas Tungsten Arc Welding (GTAW) 0.6

Among the weld parameters such as weld metal type, shielding gas, weld speed, etc.
heat input one of the most important welding parameters regardless of the welding
method.

2.4.Welding Metallurgy of HSLA steels

Figure2.11 shows typical microstructures evolved betweerftiseon zone and base
material after a single pass welding. Fusion zone is the regiomsdabHemperatures

that are higher than the melting point of the matefilak thinnersection right next to
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the fusion zone is named partially melted zone (PMZ) iwhepresents the transition
boundary between 100% solid and 100% liquid. Along the HAZ, different
microstructures are seen due to the thermal cyclescddsegrainedHAZ can be

seen adjacent to the fusion line where overheating and slow cooling d&airssize
decreases anfihe-grainedHAZ is observed towards the base metal as the induced
heat decreases. In this zone, the temperature is below the melting point and partial

grain refinement occurs.

...................................................

Temperature

Coarse Grained HAZ

Fine Grained HAZ
(Recrystallized Zone)

Partially Transformed Zone

Tempered Zone

Base Metal

pmessS
e

Figure2.11. Typical microstructural features of a single pass weliTy

HSLA steels are developed to be used in structural apphsasuch as pipelines,
offshore structures, bridges, building$éc They have better material properties than
the conventional @/n steels as stated before in Section 2.2 while weldability of these

steelsis considerably better than that of conventiostdels. During the course of
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welding, some new regions are formed, fusion zone (FZ), and some regions are
changed, heat affected zone (HAZ), due to fusion and thermal effects. Since heating
and cooling rates in welding are very high, multi thermal cycleistwinclude these
heating and cooling sequences are very effectivbe formation of microstructure

after multipass weldingFigure2.12 shows the evolution of microstructure in HAZ

via single and multpass welding.

T

WELD BEAD

BASE PLATE

Peak temperature received
K 1100 - 1500°C (CG HAZ)
T o [ 8s0- 1100°C (FG HAZ)
LTme e vy 2 750 - 850°C (IC HAZ)
[C] 500 - 750°C (SC HAZ)

(a)

A. Unaltered coarse grained zone (U CG HAZ)
B. Supercritically reheated coarse grained zone (SC CG HAZ)
C. Intercritically reheated coarse grained zone (IC CG HAZ)

D. Subcritically reheated coarse grained zone (S CG HAZ)

BASE PLATE

(b)

Figure2.12. HAZ microstructure variations in single and mydisswelding [18]

HAZ region is the weakest location of the welds and the success of the welding can

be inspected by investigations on this region. Due to heat input and diffusion of
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welding consumables alter the microstructure of the HAZ and the e#faeBg of the
strengthening mechanisms such as work hardening, precipitation hardening, and
transformation hardening is reduced significantly. Cooling rates are inversely
proportional with the amount of heat input if there is no external parameter or
appliations. In ametallurgical aspect, as the heat input increases cooling rate
decreases and the grain sizes within the HAZ enlarge and the width of the HAZ
increases. On the other hand, lower heat inputs, or higher cooling rates, yield smaller

grain size.

In coarsegrainedheat affected zone (CGHAZ) amdtercritically reheatedcoarse
grainedheat affected zone (IRCGHAZ), tlieterioratingeffect of heat can be seen
explicitly. Enlarged grains in different morphological formations with different
chemical anagnechanical properties are seen in these regions. CGHAZ forms near the
fusion line and exhibits the lowest toughness in single pass weld&&nts multi-

pass welding, IRCGHAZ is known as the most weakened¥#t[20] in which local

brittle zones (LBZ), which include martensaestenite (MA) islands composed of

high carbon and retained austenite, formation oc{21$ [22]. Because of the brittle
nature and crack susceptibility of martensitee t-A phase formation plays a
significant role in theoughnes®sf the steels. It may suddenly decrease the toughness.
Peak temperature T and c 0 o | gis)nggvernt these migrostituctural
alterations. In their work, Haugen et@3]s howe d t hadscabsedddAA 10 s
phase formation along the prior austenite mréoundaries (PAGB) in weld
simulations where peak temperature of 1360n thefirst cycle and 780C in the
second cycle. The M\ phase formation occurs becauskt the enhanced local
hardenability in austenite due to carbon diffud®j. Li et al. found theevidences

of both cracking and debonding of thd&A phase and carbides and crackere
correlated with theonsolidatiorof voids as a result of debondif##t]. The toughness
decrease is not only correlated with the pree of MA phase but is also relatedth
morphology and distribution of the phase and the matrix. The phase is found at
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two distinct morphologies, blocky particles, or islands, in 3itanSn diameter which
form at the PAGB and elongated stringggpe particles which are formed between

bainitemartensite laths 0.2 td in in width and several microns in lenff].

Four possible mechanisms proposed for toughness decrease have been gathered

together by Davis and King and they are shown schematicafigure2.13[25]:

1 The M-A phase is brite in its nature and cracks readily

1 There occurs transformatioanduced residual stress in the surrounding ferrite
matrix

1 The M-A phase harder than the surrounding ferrite and cause stress
concentration in the ferrite matrix

1 A microcrack is formed betwedhe M-A and ferrite matrix and initiates the

cleavage fracture in the matrix
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Cracked elongated MA Overlap of transformationally induced
particle acts as microcrack residual tensile stresses

Strength mismatch leads to debonding Britle debonding resulting in a
and an increase in the matrix stress microcrack at the MA/matrix
between particles interface

Figure2.13. Representation of four proposed initiation mechanj2bijs

As discusseth 2.2Parent Materiaiicroalloying elements such as Ni, V, Nb, and Ti,
affect thenumber of phases and microstructure. Various kinds of austenitic phases
would exist in CGHAZ and IRCGHAZ if the filler material hashegh amount of
austenite promoter elements and enough diffusion time is given. In HSLA steels, Nb,
V, and Ti are strong carledand nitride forming elements. Titanium nitride is the most
stable one among the carbides and nitrides of Nb, V, and Ti. It has the smallest
tendency to decompose and dissolve at elevated temperatures. Therefore, it is the most
effective particle that liriis the grain growth in weldingd.5]
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The cooling rate affects the width of the HAZ. Lower cooling rateseasegrowth

rate during soliestate diftision in HAZ. Thdine-grainedstructures move towards the
base metal until the phases become stable. The partially transformed structure in HAZ
can be changed based ondfierementionegarameters. Recrystallization and growth

in the HAZ can make the rem much vulnerable in terms of mechanical properties

than that of base metal.

Fusion zone is the region in the weld where complete melting asalid#ication

occurs during the process. Due to the solidification procestidiomzone is different

than HAZ and base metal distinctively. During welding, the base metal grains at the

fusion line actassubstratd or nucl eati on. R@orowladgGng t o Turr

for heterogeneous nucleation is:

0 —— ¢ oAI-0 Al & (4)

w h e rcés the surface energy in the liqeedystal interfaceTm is the equilibrium

mel ti ng t edptphee alt autreent i is the undercoolimgbelown n g, o
and thedis the contact angl€&igure2.14 shows the nucleation of a crystal on a planar
substrate. Since molten metal is in contact with the base metal, which is the substrate
for nucleation, and it wets them completely, in otlverds,contact anglel equals to

zero, crystals nucleate from liquid metal on substrate readily.
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Figure2.14. Nucleation of a crystal from a liquid on a plasabstrate 3]

The growth can occur epxelly in autonomous welding (welding withodtler
material). Nucleation occurs in tl@rangemenof atoms in one direction based on
substrate crystallographic orientation without changing it. dendptést one
direction Savage et 4R7] confirmed that the crystallographic orientation continues
along the fusion zone by usindad reflection Xray technique. Weld metal crystal
structure may differ from base metal in welding with a filler material since the metal
compositions are different. In this case, epitaxial growth is no longer possible. In their
work Nelson et al[28] investigated the fusion boundary microstructure of dissimilar
metal welds by using laody-centereccubic (BCC) and &acecenterectubic (FCC)

base metals, Type 409 stainless steell®&® pearlitic steel respectively, aa FCC

filler material, Monel (7ONi30Cu). In BCC base metalFCC filler material system,

no epitaxial nucleation,and growth are observed. Random grain boundary
misorientations are observed between the weld methttee HAZ as can be seen in
Figure2.15a. In FCC base metél FCC weld metal system, normal epitaxiabgth

was observed at fusion boundary, the morphology of the weld metal is a result of the
crystal structure of the grains along fusion zone which are the substrates of the

nucleationFigure2.15b.
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Figure2.15. Fusion boundary microstructuraType 409/Monel base and weld met&ls1080/Monel base
and weld metalg27]

The weldability of the materials is affecteg sbme factors mainly, material, purpose,

weld design, and pre amubstprocessing Mat eri al 6s microstructur
phase transformations, grain formatioasdsegregations. Chemical composition of

the material affects the hardenability, #ggngand the convections in the weld pool.

Physical characteristics of the material such as strength, thermal conductivity and

expansion coefficient, and toughness are important for material characteristics.

Purpose factor can be defined as mechanical, physicd chemical quality

requirements. Weld design factor includes type, weld dimensions, level, strain rate,

34



and load distribution. Pre anpostprocessingincludes welding method, filler
material, heat input, consumables such as shielding gases andjbiintetype, pre

heating temperatures, and postld heat treatments.

2.5. Fithessfor-Service

Pipelines used in industrial applications such as oil and gas transportation, water
transportation are subjected to different loads and they are designed to biear ser
pressure. The pressure may bausedby internal or external factors. Gas
transportation pipelines are categorized as intermediate pressure pipelines. Internal
and external loads induced on pipes geeerallysimilar. However, since they are

built underground there could be some unexpected large scale loads due to an
earthquake or movement of the earth such as landslides. Therefore, all these kind of
existing and sudden loads should be taken into consideration and investigated to

eliminatecatastroplt failures.

Parts exposing different stress conditions and environments cawsingionshould
maintain their strength, performancand dimensions. Structural integrity is the
competency of a part to work throughout its specifiietime [29]. To guarantee the
safeand useful working oprodwct components; application of efficient inspection,
examination and risk management techniques are required. Therefore, the structural
integrity assessment is essential for giving not only design limitations and also
preventing catastrophic failur@his assessment is named as Engineering Critical

Assessment (ECA) and also as FitaREesService (FFS) assessment for pipelines.

Conventional wel ding fabrication codes
tolerable flaw size and minimum Charpgergybasedjudified procedures and good
workmanship. The good workmanship critaga@uite conservative and it should be.

This conservatism is inevitable for manual welding applications and quality threshold
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must be kept high since even the minimum requirements aretimeee are many

different workers in pipelines with different skill levels.

However, today girth welding of pipelines which are performed automatically or semi
automatically is higher than 80%. Because of that, welding parameters are in a limited
rangeand this leads to consistent metallurgical and mechanical outputs. FFS analysis
has been emerged to determine whether a given flaw is safe from failure, e.g. brittle
fracture, fatigue, creep of plastic collapse, or not under working conditions. FFS
analyss basedn fracture mechanics and less conservative since it uses the accurate
results of the fracture mechanics tests and stress analyses. This is advantageous for
welding applicationssinceunnecessarweld repairs in case of small flaws can do

more ham than good, bring extra costs and risks may show up for personnel.

2.6.Fracture Mechanics

Fracture mechanics is categorizatb two categories mainly, lineaalastic fracture
mechanics (LEFM) and elastptastic fracture mechanics (EPFM). LEFM is
developé based on stress intensity factor (K) and yielding at the crack tip is assumed
as small and material is in plane strain condition. On the other hand, EPFM is based
on nonlinear behavior which cannot be investigated via LEFM. Materials which have
high toghness and ductile, work under plane stress condition and slow loading rates.
Figure 2.16 shows the yielohg conditions based on these fracture mechanics

approaches.
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Figure2.16. Yielding conditions based on LEFM and EPIF30]

The experimental studies and standardizations of fracture tougilagas important
role in theapplicationof fracture mechanics in terms of fitness for service, damage

tolerant designs, structural integrity assessments, residuaitbteamalysig31].

Sone studies have been conducted on plastic zone existing at the tip of the advancing
crack about the correction of K factor. To characterize the deformation before severe

crack propagation the plastic zones are inspected. There are some conditions that
affed the behavior around the crack tip. These conditions can be investigated by some
EPFM parameters such as crack tip opening displacemanggdal, crack opening

angle, crack tip work, and crack tip force. The term fracture toughness is described as
the resistance of materials torack propagation[31]. Fracture behavior can be

described using fracture toughness val
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K, stress mtensity factor, is proposed by Irwin in 19832] and it is described the
intensity of the elasticracktip fields. It is used when the singularity zone is larger
than the plastic zone at the crack tip and it is strongly dependent to crack size and
stress Kic, plain strain fracture toughness, can be measured when thereimyan
elasticregion at the crack tip, no plastzone. To define €, there should be slow
loading rate under linear elastic conditiohbe stress distributioni{) near the crack

tip can be predicted withelow equationg5) and (6),in polar coordinates (t,).

—Q — 5)

[—— (6)

Generally, pipelinesvork under large scale axial plastic loads and these lo@dde
plastic deformation at the crack tip. Consequently, welded and fabricated line pipes
are needed to be characterized by using EPFM. This can be done with determining the

fracture toughness vihintegral and CTOD methods.

The Jdintegral method was proposed by Rice in 1&# and it is used in case of non
linear fracture behavior of the materials that there is a strong plastic deformation at
the crack tip. The fracture toughness is determined with the help of pjetteory.

A new measurement method and the tenimtédgral is needed. The-idtegral

parameter is calculated by the equatitfysand (§,

0 B ©Q® "Y—Qi @)

whereW is the strain energy density function and T is the surface traction vector.
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where S is the span length in the test, w is the width of the specimen, Fapptieel

force B is specimen thicknessy & the specimen net tthness between side grooves,

"Q ®jw is stress intensity factod) is initial crack lengthpi s Poi ssEondés r
is elastic modulusyY is plastic component of the area under load versuspoatd

displacement curve and thedis the stable crack extension including blunting.

In 1963, a new fracture mechanics parameter, CTOD, is proposed by Wells and it is
repr es ¢34} leisdused & Kor J in practical applications. Initially, it is referred

as crack opening displacement (COD), but attet, its name has been changed to

CTOD to differ the quantity from the crack mouth opening displacement (CMOD)

which is a physical crack opening displacement measured at the crack mouth at the
specimen surfacg81]. The CTOD approach is developed to broaden the LEFM to
EPFM by i mplementing I rwinds plastic zon
solutionsTh e C T CcBn béappyoximatediccording to the equation (9)

1T — (9)

for the centecracked infinite plate in tension for far less applied stresses than the

yield strength

In theASTM E18201 [35], CTOD is calculatedccording tdhe equatior{10):
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1 0 (10)

whereK is stress intensity factop, is plastic component ofahd m is:

& b5 6 — b — b — (11)
0O opY ™ C(— (12
0 T&C ¢ 0— (13
0 1871 ¢® w— (14)
& c8tu pdtp— (19

where, is the yield strength an is the tensile strength.

There are several factors that fracture toughness depends on such as the material itself,
fabricaton route, environmental effects and loading rate. The most important factor
among them is the material. Chemical composition, production method,
microstructure and fabrication method of the material affects the fracture toughness
significantly. During welthg, thechangeof a parameter changes the microstructural
evolution entirely. Heat input is the most effective parameter in welding that affects
the fracture toughness since itresponsible foheating and cooling of the welding

and consequently the fh properties. For instance, lower heat inputs yield high
cooling rates and reduce the average grain size and, generally, improves mechanical
properties. However, high cooling rates may cause entrapping of some elements. If
these entrapped elements are $ttong compared with the surroundings they act as
stress concentration regions and may cause local weak points in terms of fracture

toughness, decreases toughness and ductility.
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CHAPTER 3

EXPERIMENTAL

3.1.Parent and Filler Metals

Parent material was an API grade pipeline steel with a thickness ofrird. Material

was obtained from one of the worldébés big
(lot number SP48904) in plate formdaby the HRB132860 qualificatiarecord,it is

confirmed by thesupplier aAP1 5L X70M PSL2 grade line pipe steel.

The plate was sectionedasdu bj ect ed t o material verific
emission spectral analyses are found tadesistent with the certificate as gee

standard EN 10204 type 3.Table2.2). The material was also verified with respe

to the mechanical properties which are specified by the standard API 5L. The optical
emission spectral analysis procedure is described in S&8oihe materihalso

sectioned and machined to 12 mm thickness for welding fabrication.

A mild steel solid filler wire is used as a filler material while performing welding
operations. Welding wires were taken from ESAB, whichwaldwide welding
equipmentand consumble supplier. Welding wire used was 1.2mm diameter
SFA/AWS A5.18 ER70% (lot numberPV534031289B in GMAW operations.

Chemical composition of the filler material is giverthe Table4.2.

The ductileto-brittle transition (DBTT) behavior of the base material was previously

investigated via Charpy impact test in a temperature range betW&éhand-32°C
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[36]. The results can be seanFigure3.1. API 5L requirements foCharpy impact
values were satisfied.
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Figure3.1. DBTT behavior of base metal API 5L X70M [8]

3.2.Welding Procedures

Construction of the pipelines in the field with girth welding is done automatically with
mechanized welding machingseeFigure3.2). This requires carefully designed pass
sequences and bevel designs since the welding operation is done in different positions
such as ovehead horizontal, and vertical during horizontal pipe fixed position weld.
Typical heat input and pass sequences of a girth weld done in the field for 19.45 mm

thick pipes are 0.60.65 kJ/mm and 8 to 10 passes.
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Figure3.2. CRC Evans P625 Computerized welding machif&¥]

The plates going to be welded are positioned flat and then joined with GMAW via a
welding robot The plates were aligned on the platform of telding robot and
clamped by the aid of pneumatic cylindersfteA that, the welding robot is
programmed with respect to the welding route, i.e. the start and finish points of the
weld, and linear welding speed. After setting up the robot, welding was performed.

Welding setup can be seenfigure3.3.
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Figure3.3. Welding robot setup for the GMAW and HRAtechniqueused in the thesis

A shielding gas mixture of Argeh8%CQ was used during the welding operations
to protect the welding pool from tle#mosphereThe shielding gas was supplied with
a rateof 12 to 14 L/min.

The welds were done singdded. 1.2mm diameter SFA/AWS A5.18 ER7®S
welding wire is introduced to tH#7.5° V-groove bevel to ensure the sidewall fusion.
Three different hear input values were chosen. The first one was chosen as 0.65
kJ/mm, the lower limit of our study, to sinaté field girth welding operations. Lower

heat inputs can cause lack of fusion problem. The second one was chosen from a study
done by our colleague Cagirid6]. In that study, 12 mm thick plates were weldable

in single pass and the minimum heat input to weld that thickness is 1.4 kJ/mm. So the
second and the upper limit of our stugtgs chosen as 1.4 kJ/mm. The last one was
chosen as 1.1 kJ/mm as we want to observe hetv dManges as primary austenite

grain sizes (PAGS) change with grain coarsening in CGHAZ. The 12 mm thick
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weldments were completed with 6 and 10 passes with respetttetwelding
parameters and heat input. Welding parameters of the welds are giVehlé8.1
andTable3.2.

Table3.1. Welding parameterf®r the highheat inpt

1st Weld (6 passes)
Pass LWS Heat Input
A Vol V ,
Current(A) oltage(V) (mm/min) (kJ/mm)
Root 80 16 91 0.84
Hot 200 19 420 0.53
Fill (1-3) 220 21 197 1.42
Cap 230 24 312 1.05
Table3.2. Welding parameterfor thelow heat input
2nd Weld (10
Pass - = pi\SIiSS) Heat Input
Current(A) Voltage(V) (mm/min) (kJ/mm)
Root 80 16 100 0.78
Hot 190 19 525 0.4
Fill (1-6) 216 21 431 0.64
Cap (22) 230 22 467 0.66

Toinspect the heating and cooling of the weldments, temperature measurements were
done via bea@n-plate welding methoddigh-temperaturéhermocouples were used.

To define the positions of the thermocouples, welding was performed and the width
of the weldswverenoted. Then, thermocouples were spelded to the plates with 1

mm apart from thecap of the weld and measurements were done during welding
operations with three different heat inputs with respect to the original welds. Welding

parameters can be seim Table3.3, Table3.4, andTable3.5.
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Table3.3. Weldingparametersimulatingthe heat inpuiof 1.4 kJ/mm

Weld No. | Pass| Current(A) | Voltage(V) | LWS (mm/min) H(Ej;r:]nrs)u t
1 1 286 24 240 1.37
Table3.4. Welding parametsisimulatingthe heat inpubf 1.15 kJ/mm
Weld No. | Pass| Current(A) | Voltage(V) | LWS (mm/miny| ~ Heat Input
' g (kJ/mm)
2 1 284 24 300 1.09
2 301 23.9 300 1.15
Table3.5. Welding parametersimulatingthe heat inpubf 0.65 kJ/mm
Weld No. | Pass| Current(A) | Voltage(V) | LWS (mm/miny| ~HeatInput
' g (kJ/mm)
3 1 293 24 540 0.63
3 309 23.9 540 0.66

3.3.Elemental Analysis

Generally, &emental analysis is done to ensure that the chemical composition of the
metals comply with the specifications. In this study it was done by optical emission
spectroscopy according to ASTM E4138] on both parenand weldmetal An
electrical discharge forms between the material and the electrode, high voltage source,
of the analyzer due to electrical potential between them. The discharge excites the
atoms & the specimen which then emit characteristic optical emission lines. These
characteristic lines are separated according to their wavelengths and a detector

measures the intensity of each. Lastly, the computing unit processes the acquired data

from the detctors and gives the element concentrations.
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3.4.Confirming the Integrity of Weldment

According to the requirements of the standafdd 5L and APl 1104 integrity
confirmation assessments and procedure qualifications were done on theemtsldm
These requirements include both rdestructive testing (NDT) and destructive

testing.

Visual inspections of the welds were done after the welding. To support these visual
inspections and to examine the weld surface for possible defects, magmttie p
testing was appliedThe radiographignspection was applied to the weldments to
confirm the integrity of the joints via Xay and the images are recorded to
radiographic films digitally. Phosphorus imaging plate (IP) has some advantages over
conventional radiographic films such as image quality and reduces process times and
due to its advantages paosphorusmaging plate (IP) was used for recordinga§
examinations. The tests were done according to ASTM E33)and ASTM E1742

[40], and evaluation of the radiographic filwasdone in terms of the requirements

and the definitions of ASME BP Code Section 1X[41]. 2% quality level was
employed for radiography {2T 1Q]).

Following the completion of the neatestructive tests, the weldments were sectioned

and subjected tearioustests.

Side bendests, which is a very simple and easy method to evaluate the soundness of

the weld, were done to the welded plates in order to check whether a linear defect
exists or not. 180bending specimens were prepared and tested according to ISO 5173
[42] as specified in AP1104[1].

Cross weld (transverse) tensile tests were done acga@itsO 413443] and API
1104[1] to determine the imperfections in twveldedarea which may causdracture
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Ultimate tensile strength and position of the fracture were notedftamation only
since there are different areas with dissimilar properties in the direction of tensile
force, measurements such as yield strength, % elongation, and reduction of area are

unreliable and inaccurate.

Macro examinations were done accordingl$® 17639[44] to see the general
structure of the joints, i.e. weld metal, fusion zone, and base metal. Specimens were
ground up to 1000 emery paper and then polished. 10% Nital was usedtakaart

to reveal the weldhacrostructure

3.5. Microstructural Characterization

Along with the macro hardness tests according to API Ih@phardnestests were
performed at specifilocations at room temperature to examine the variations in the
hardness and identify the LBZs. Macro hardness examinations were done with the
Vickers indenter. HV10 method was used with an applied load of 10kgf. After macro
examination, etched surfaceveals HAZ, WM and BM regions of the weld and
measurements were done with a distance of 0.5 mm between each indentation in HAZ
region, at least 0.5mm in the WM and BM regions. Schematic representation of the
hardness measurements can be seehfigare 3.4. 45 indentations and hardness
measurements were done for one specimen in total in 3 rows; two of themeaere

to the root and cap sides, one of them was at thethiutkiness. Root and cap side

rows were 2 mm away from the flattened surface of the specimen.
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Figure3.4. Schematic representation ofrtiaess indentations [39]

Vickers hardness measurements are done with respect to the equation given below

Ow M Te—— T Y wp (16)

F is the test force iNewton(N), d is the arithmetic mean of the two diagonals of

diamondshapedndent in millimeters (mm).

Before micrehardness measurements, @pens were prepared as before in macro
hardness specimens. They wegeound polished and etched. Additionally,
S peci men sv@dsmdasueed witk & cordinate measurement machine (CMM).
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A region consists of WM, FZ, and HAZ was investigated. The isatiosen as 0.5

kgf (HV0.5) and indentation duration for the measurements was 10 seconds.

Microstructural constituents were characteribganetallography. Base metal, fusion
zone, and weld metal were examined under LOM and SEM with different etchants.
After sectioning, specimens were subjected to a preparation procedure starting with
surface grinding to ensure thiatnesf the specimen, small specimens were mounted

in Bakelite for the same purpose. Then macro examination specimengraenel

with SIC emery papers starting from 80 to 1200 and etched with 10% Nital solution
to revel themacrostructureMicro examination specimens were furtigeoundup to

2000 SiC emery paper and then polished with 6, 3 drd Diamond colloidal. After

that, the specimens were etched with 2% Nital solution. Further investigations were
done with LePerg45] etchant application to the esgmens. The specimens were
prepared according to the above procedure and etched with 2% Nital to remove any

disturbed metal.

In LOM and SEM, grain size measurements were done according to ASTM46]12

in BM and HAZ regions. Energy dispersive spectroscopy (EDS) was used in order to
detect the elemental differences on different microstructural features at FZ and HAZ
regions according to ASTM E15(087].

Nancindentation is a vali instrument to understand the mechanical properties of
materials such as elastic modulus, hardness, and dislocation motion which are very
hard to inspect in nano and micro scales. The 4agentation process is generally
performed with a threeided pyranidal Berkovich diamond indenter t{geeFigure

3.6). During the process, a load displacement curvene@tedseeFigure3.5) and

the contact point is determined via this data. After contacting with thplsaforce
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Is started to increase linearly until the maximum force is reached and then the
specimen is unloaded. The stiffness is measured at the initial point of unloading and

from the load displacement data, elastic modulus and hardness are measured.
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Figure3.5. A representative load displacement curve of a iadentation procegg8]

In this study, IRCGHAZ of the weldments were subjected to +atentations in
order to investigate the M constituents. Since the indentation area is approximately
seventimes of the depth of the indentation 60 nm indentation depth was aimed
according to the average size of theAvtonstituents coming from LePera etched
specimens and it was achieved with 5mN |ldddnohardness measurements were
alsodone before for a stydconductedy our former research group member Cagirici
[36]. Measurements were done on a weld in which klylpiasmaarc welding
(HPAW) technique was used with 1.4 kJ/mm heat input. Hardness variations between
FZ and HAZ were investigated by a nandenter. In the base metal and HAZ,
Berkovich nano indentations were applied using a sharge?l indenter. Indéations
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hadatleastOe m di st ance bet we e nsizédhHoenmationspi.e.tde asur e mi
A constituentg36].

Figure3.6. Berkovich naneindenter trace after narindentation49]

An indentation which is placed onto theMconstituent, having steeper curve and
low depth, can be seen in load vs. indentation deptiratia from Cagirici[36]
(Figure3.7).

Test Load (mN)

Indentation Depth (nm)

Figure3.7. Nano indentations on specimen and lidentation depth diagraf86]
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3.6.Mechanical Characterization

The tensile test was performed witZwaick/Roell Z250 universal test machine. The
testspeed was 0.6mm/min up to the yield point, and ttitenspeed was increased to

5 mm/min gradually.

All-weld tensile tests were done uniaxially to determinesttength and ductility of

base metal and the weld metal. These tests were conducted at room temperature. ISO
68921 [50] was followed for the specimen geometry and the test procedure.
Specimens had circumferentiafosssection and dogbone shaped. Tensile test
specimendimensions are given iSection4.1 Reduced section diameter (d) was 6

mm andgaugedistance (k) was calculated from the formula below

0 uvdpv— 17

On the base metal, betwee30°C to -78°C a DBTT survey was conducted by our
group before. The specimen dimensions were 10mmx10mmx55mm. Charpy impact
tests were conducted with 2mmnétched spamens. Dimensions of the notch and

the specimen were controlled by a micrometer and a Go / No Go gauge. Zwick/Roell
RKP 450 impact testing machine was used for impact testing. Specimens were cooled

in dry ice or in alcohol with the help of dry i{&6].

Apart from these all weld tensile and impact toughness tests, fracture toughness of the
specimens were measured with elaptastic fracture tougn e s s par amet e
(CTOD). The tests were conducted according to ISO 1565%3Since fracture
toughness depends on differentgraeters such as the crack plane orientation, crack
extension direction with respect to the rolling direction, grain fletw, the fracture

toughness test samples can be extracted in different orientations with different crack
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plane orientations. The stdard has been developed a designation; N and P designate
normal and parallel to weld direction, respectively and Q designates weld thickness
direction. Figure 3.8 shows the crack plane orientations for fracture toughness

specimens for weld metal.

Figure3.8. Crack plane orientation fordcture toughness specimens for weld miéth]

Single Edge Notched Bend (SENB) specimens were extracted from the welds in NP
orientation. The first letter of the designatimnlicates the direction normal to the
crack plane and the second letter of the designation indicates the expected direction of
crack propagation. Two sets of specimens, including three specimens per set, were
extracted from the S1 and the 2 weldments and machined down to
10mmx20mmx100mm (BB specimens) dimensions. Notch locations were selected
as FL and the test temperature wH¥'C. The notch locations were determined after

an etching process with 10% Nital etchant on the specimen surface. Determined

locations were marked and photographed. Integral kyife-edged(seeFigure 3.9)
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notches were machineaith wire-cut electrical discharge machining (EDM)

equipment.

Specimens were subjected to fatigue -gna&cking operations. The loads were
calculated from allveld tensile test results eachweldment. The specimens were
located on MTS servbydraulic est equipment withithreepoint bending setup.

Fatigue loads were loaded and the gnack lengths were checked continuously during

the course of theperatiornto avoid exceeding limits given in ISO 121[52].

«b
I—‘ z=0

15
13

o
(=)
(=2}

600
{5o

3

Figure3.9. Integral knifeedged notch geometry
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Specimens were then tested in accordance withftrementionedelated standards.
Crosshead displacement speed was 0.7 mm/min in the tesitsdapoint bending

test setup which can be seeffrigure3.10. Span length was 4W as stated in the figure.
Crack opening displacement (COD) was recorded via a gauge placed on the notch and
acquired load vs. COD graph was monitored. The tests were terminated when the load
passed the highest pear when there was a pap.

S=4W +02W

P0,5W

Figure3.10. Threepoint bending test setyp2]
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Figure3.11. Experimental setip forfracture toughnesgst

3.7.PostTest Metallography and Fractography

After the CTOD tests, pos$est metallography specimens were prepared according to
the notch orientation to ensure the notches were locafdd dahese specimens were
mounted into Bakelite, and thgnound polished, and etched with 2% Nital solution.

These specimens were further investigated via SEM.

Specimens were sectioned from the shiny fracture surfaces for fractographic
investigationTo investigate the reasons behind the toughness variations, fractography
was employed.

After the CTOD tests, the specimens were broken open with the aid of liquid nitrogen,

below their DBTT, and its fracture surface examined to determineritp@al crack
l ength and stabl e c¢cr ack e tedtBlustsaiion ofthepa t ha
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crack surface can lsen irFigure3.12. Initial crack length, @andgpa me asur ement s

were done according to tmne-pointaverage method using tequation (18)

W -—— B ® (18)

v
X

0,018

r|---.

123456 7 89

c. Reference Lines

d. Crack Plane

e. Machined Notch

f. Fatigue Pre-Crack
g. Initial Crack Front
h. Stretch Zone

1. Crack Extension
j. Final Crack Front

j___________-—-

Figure 3.12. Schenatic view of the specimen surface and measurements of crack lengths on
specimen$51]
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380 (CTOD) Parameter Calculations

Single parameter fracture toughness values in terms of CTOD was determined for FL

specimens via CTOD testing. These valuesaficientin theassessmerf fracture
resistance to a located flagivenin equation (19).

1 —0——00 — O— g B (19
M 8 8

F andV are taken at the points depending on the test record typesmgigure3.13.
In types 1, 2, and 4, at fracture, in types 3 and 5, aaHiest pogn prior to fracture,

and in 6, when the test record exhibits a maximum force plateau, at maximum force.

Force, F

a

a
Fooch j FQoch L F_orF.

- Q

Veorgce Ve or gqc

1) (2)

Notch opening displacement (V) or load-line displacement (g)

Figure3.13. Different types of Force vs CMOD recording2]
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® was determined from the formula:

w -— B ® (20)

In threepoint bend specimens stress intensity fadr— is calculatedaccording

to the equation (21)

Q — 8 (21)

For all design ofspecimensgj w ratio shallbei n t he 0. 45 and 0.7 r

determination an) — values change between 2.29 and 5.85 with respect to the

ratio. Somey w ratios and correspondin§@® — values are given in thEable3.6.

Table3.6."Q — values for thregoint bend specimens

) @
) ey
0.45 2.29
0.50 2.66
0.55 3.14
0.60 3.77
0.65 4.63
0.70 5.85

The plastic component of notch opening displaceméntyas determined using a

computer technique or manually accordingrigure3.14.
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Fe, Fyor Fma

Force, F

A/

b. Ve, Vi, Vin corresponding to Fo. Fou, Fn
c. Parallel to 0A

S,

Notch opening displacement, V

Figure3.14. Definitonofw ( f or det er[B] nati on of )
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CHAPTER 4

RESULTS AND DISCUSSION

Non-Destructive tests were applied to the welds and no major indication was observed
i.e. welded joints has no flaws or the existing flaws are below NDT range. Some
sputtering problemspores and lack of fusion were seen as minor indications.

Radiographignspection results of the joints can be seekRigure4.1.

Figure4.1. Radiographic inspection of welded joints

Destructive tests were done after NDT inspections. Gretd tensile test specimens
prepared according to API 11 for weldments were tested to ensure the soundness

of weldments. Namperfections were detected and they all failed from base metal
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which means that the fusion zone, the most critical region of the weldments, has higher
yield strength than théasemetal. Additionally, side bend test specimens were
prepared and tested w®veal internal defects. There were no major imperfections with
respect to API 110fL].

The macrgraphs otthe specimens can be seerFigure4.2, Figure4.3. Figure4.4.

is taken from HPAW weldment that was done by Cag[B6i]. All of these welds

were welded by single side welding procedures. Welds having 0.65 kJ/mm and 1.1
kJ/mm were welded in multiple passes after a hot pass on the root section. It needs to
10 successive weld passes to complete welding in 0.65 kJ/mm weld and 6tpasses
complete 1.1 kJ/mm weld. The number and size of the passes are reasonable in both
weldments with respect to their heat inputs. On the other hand, weld having 1.4 kJ/mm
was welded in one pass with HPAW method. According to Ohm relation, decreasing
arc length andncreasingwire feedingrategive rise to current amplitude. An increase

in current amplitude improves through thickness penetration and side wall diffusion.
There is no lack of weld penetration and side wall diffusion in macro examinations

Even in the lowest heat input there is no trace of lack of fusion.
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Figure4.2. Macragraphof the weldnent(1.1kJ/mm heat input

Figure4.3. Macragraphof the weldnent(0.65kJ/mm heat inpyt

Figure4.4. Macragraphof the weldnent(1.4 kJ/mmheat inpuf
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4.1.Parent and Filler Metal Characteristics

Chemical composition of the base metal was inspected by optical emission
spectroscopy and the results of the spectral analysigadnes given in the standard
are presenteith Table4.1. The results of the analysis seem to be compatible wath th

requirements of the standard and the certification document.

Table4.1. API 5L X70M composition

Weight Percent (%owt)
Element C | Si | Mn P S Cr | Ni [Mo|Ti|Nb| V
X70M | Std< |0.12/0.45|1.70| 0.025|0.015| 0.50|0.50/0.50 <0.15
Lab [0.07/0.38|1.63| 0.006|0.003| 0.23(0.02/0.11 0.02

Table4.2. Filler material composition

Weight Percent (%owt)

Element C | Si |[Mn| P S Cr|{ Ni [Mo| Ti |[Nb| V

ER70S| Std |0.07{0.95/1.680.025/0.035/0.15/0.15/0.15
-6 Cert. |0.08/0.83]1.47/0.006/ 0.007|0.02|0.02 <0.001

Lab ]0.08/0.90/1.51/0.014/0.014/0.07{0.02|0.02/0.01]/0.02|0.01

In Table 2.3, frequently used microalloying elements and their effects were given.
Titanium, Niobium, Vanadium and their compounds alters the microstructure of the
steel, strengthen the ferrite matrix, and so do mechanical propdritieRH{53][54].

Lower V contentsuch as contents givenTiable4.1 andTable4.2, promotes second
phase particle and M constituent formation$s5]. Acicular ferrite structure was
expected because of the addition of these ferrite strengthener alloying elements. Lan

et al.[10] states that in their work on NIi microalloyed pipeline steels, lower finish
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rolling temperatures and the cooling stop temperatures leads the microstructure to
change quasgpolygonal ferriteto acicular ferrite. This results in higher strength and

higher toughness in material

50 um

]

Figure4.5. Banded structure of the base mé¢Pdkb Nital etched)

The base materidhas diffeent microstructural features as a consequence of its
alloying elements and manufacturing route. Banded stru@xigs and due to

production method of the base metal.

The tensile testesuls of the base metal and alteld tensile test results dhe
weldments are tabulated Table4.3. Weld metalshave higher strength levels than
base material which israquirement of APl 1104 standard
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Table4.3. Tensile test results of base material and weldments

Weldments
Specimen Base Material High Heat Input Lolvr\]/plzljteat
E (GPa) 205 205 207
Rp0.2 (MPa) 582 619 602
Rm 662 703 672
At (%) 21 18 23
RA (%) 63 43 52

Yield strength mismatch between thesemetal and the weld metal is ad% higher

in high heat input weldment. On the other hand, the difference in yield strength is only
3.4% in low heat input weldment. Higher difference betweeibdsemetal and filler

wire caused strong overmatching with respect to strength and dudtilis/strength
mismatch is done intentionally and optimized to give advantage to the fusion zone.
This optimization process is called as strength-ovatching. On the other hand, this
mismatch generally cause a decrease in toughness in fusion zoneasd ibé taken

into consideration.

The strength of the base metal, weld metal and fusion zone influences the fracture
toughness of the joint. Different notch depths and final crack tip locations, different
a/W ratio, yield different CTOD values for tharse material since mechanical
properties are different in different weld regions and strain distribution around the
crack tip is affected by it. In their work on CGHAZ of the weld Minami e{%8]

states that the actual CGHAZ toughness affects the fractuevibelof the weld.

Brittle CGHAZ leads lower CTOD values because of promotion of local stresses in
the CGHAZ due to limiting effect of overmatched WM and CGHAZ having moderate
toughness produces higher CTOD values due to deviation of the crack growth path

the base metal. Since the CGHAZ has the lowest toughness across the fusion zone and
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the tendency of crack propagation is away from the weld metal, a notch location close

to the weld metal side represents the best condition for the initiation of amlansta
fractur e. Cracksé6 tendency t o propagat ¢
participaton of MA constituentso6 brittleness to t
effect of them to the system.

4.2.The Microstructure of HAZ

Dueto Nb, Ti and V contents of the steleé recrystallization temperature of carbides,
nitrides, and carbonities of tlese elements changés.their work, Zhou et a[57],
investigated NbI'i microalloyed steels having different amounfsTi and N with
respect to precipitation evolution during solidificatiofhey impede cooling by

qguenchingat different temperatures in austenite region. It was found#nbitride

precipitates were not exist ingots havindess than 0.011 wt% Town to 1100C,

on the other hand Nb rich precipitates were present at@@®mold-cooled ingots.

For multipass welding, there exist heating and cooling cycles. During these cycles
and according to temperatures reached the precipitation ofdearhitrides and
carbonitrides have importance. Hong et[a8] investigated the evolution of Nb, Ti

and V precipitates in HSLA steels during reheating. It is ofeskthatdendritic Nb

rich carbonitrades exist in asast structure, which are stable below 1000 and
during reheating these particles experience a dissolution goeagpitated to two
different carbonitrides Ti and-Nch and Ti and &@ich. Ti and Nrich titanium and
niobium carbonitride particles(Ti,Nb)(C,N), precipitates along austenite grain
boundaries primarily anthenprecipitation of Ti and @ich (Ti,Nb)(C,N) particles

occur within the austenite grain
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Singlepasswelding operation redis in different zones in the joint aréseeFigure
4.6 andFigure4.7):

1 The fusion zone (FZ), where the mixing of both base metal and filler metal
occurs. The temperature for this region is usually 150600°C.

1 The partially melted zan (PMZ). In this region, the paremhetal is melted
partially. The corresponding temperatures in this area is between peritectic
temperature and liquidus temperature.

1 The coarse grained heat affected zone (CGHAZ) where peak temperature
reaches temperatures rag high asto melt the metal but high enough to
completely austenize the structure ardwth of grainsduring the welding
operation The peakemperature is greater than 11°@for this region.

1 The fine grained heat affected zone (FGHAZ). this region the peak
temperature is enough to austenize the region as in CGHAZ. However, the
temperature is not enough for grain growth. This temperature is generally
between Agand 110CC.

1 The intercritical heat affected zone (ICHAZ). In this regibie, temperature is
in between A¢ and Ag. As a result of it, e structure is transformed to
austenite moderately.

1 The tempered zone (TZ)n this region, temperature is below Al and no

transformation occurs. A tempering effect is observed.
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1 mm
METE-METU

Figure4.6. An overview to different zones formed during one pass welding
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Figure4.7. The HAZ regionsf a welded jointcorresponding temperature ranges and relevant parts
of FeC phase diagram

Altered microstructure of the base metasingle pass weldinig shown for different
locations inFigure4.8 with micrographs. The microstructure changes with respect to
induced heat and temperatures attained during welding operation. The changes in
microstructure is more dramatic in fusion line andthe HAZ region where the

temperatures reaches higher than. Ac
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Figure4.8. Different weld zone micrographs of 1.4kJ/mm heat input weld in 1000x magnification
(etched by 2% nital) (a) Coarseafned heat affected zone (CGHAZ) (b) Fine grained heat affected
zone (FGHAZ) (c) Intercritical heat affected zone (ICHAZ) (d) Tempered zone (TZ)

Figure4.9 show the cooling curves of CGHAZ, FGHAZ and ICHA&gionsduring
welding. When both microstructure and cooling curves are investigated togle¢her
some correlations can be establishslit can be seen CGHAZ regidRigure4.8a)
reaches temperatures above; Aod thereis also enough time for grain growth a
coarser grain structure is formed. FGHAZ cooling cyseeFigure4.9b) implies the
temperature is above austenitizatiomperature but there i®henough time for grain
growth and this results iI@GHAZ-like but finer microstructurgFigure 4.8b). The
temperature attained in ICHADeween Ag and Aq, and thecooling regime (see
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Figure4.9c) result in moderately austenized struct(fFegure4.8c). In TZ (Figure

4.8d), the banded structure of the base metal is changed and a slight tempering occurs.

S\
T, = 1225°C (1100 — 1400°C)
\\ Atgs =11.9s
b
T, = 1057°C (A; — 1100°C)
Atgs =10.2's
C

T, = 900°C (A, — As)
At&rs =84s

Figure4.9. Cooling curve of different regions of weld obtained with thermocouples (TC) (a)
CGHAZ region of ongpass weldTC 0.2 mm away from FL) (b) FGHAZ region of epass weld
(TC 1.2 mm awayrom FL) (c) ICHAZ region of ongass weld (TC 1.7 mm away from FL)

The microstucture and properties of the HAZ is strongly affected byatingtenite
grain size and austenite grain sizes are affected by heat input in welds. Higher heat
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inputs yield wider CGHAZ regions and coarser grain sizes and larger primary
austenite grainsdecrases relativeacicular ferrite ratio and results in harder
microstructurg59]. Grain coarsening due to high heat input and wider HAZ region
have detrimental effects on toughneBsmary austenite grain sizeseasurements
done according to ASTM E1126] in CGHAZ regions of different heat inputs are
given inTable4.4.

Table4.4. Primary austenite grain sizes (PAGS) in CGHAdioa of welds having different heat

inputs
Heat | Mean AST.M Stand_ard 95 percent Pecent Relative
Input | ( & m Grain | Deviation | confidence Interva Accuracy (% RA)
P Size# (@) (95 % Cl) y
1'4k_‘1] 498 54 0.0®8 0.04 7.1
mm
1'1k_‘1] 214 7.8 0.0@ 0.0@ 11.3
mm
0.65
kJ. 15.0 8.8 0.001 0.0aL 93
mmt

Grain size measurements on CGHAZ shows that larger grain sizes are ofaained
higher heat inputThe largest CGHAZ grain sizaround 50 mcorresponds to
1.4kJ/mmheat input The 1.1kJ/mm heat input and 0.65 kJ/mm heat input yibkls

average grain sizes 8L ¢ mand 15¢ nrespectively.

Several factoraffect development of the different microstructdeatures in the weld
zone, fusion zone, and heat affected zone during welding. Among them, one of the
most important parameter is the heating and cooling of the work piece. Heat flow in
the welding is an important issue since phase transformations amdctiostructure

is strongly affected by it, so do the final properties of the weld.
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Cooling rates important on formation of microstructure in weld zone suiffeision

is a temperaturand timedependent lpenanenon As microstructure changes with
cooling rate, lte mechanical properties changes significaf@]. Cooling rate
between 80 and 500C (tss) is a detamining factor on distribution and
morphologies of primary and secondary phases in HAZ. Heat transfer conditions are
governed by the heat input of the welding process and thkeatetemperature as
well. The cooling rates of the bead plate studies argiven with respect to heat
inputs inTable4.5. Effect of heat input can be seen in Figure 4as2he given heat

input inaeases, the cooling rate decredéas.

Higher Heat Input,
slower cooling rate

Temperature

Lower Heat Input,
faster cooling rate

Time (seconds)

Figure4.10. Effect of heat input on coinlg rate[61]
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Table4.5. Cooling rates with respect to weld heat infalitained frombeadon pl at e studi es

temperature measurements)

tss, °C s* PAGS
HI, kJ mm*
15t pass 2" pass em ASTM #
0.65 73 51 15.02 8.82
1.15 42 33 21.35 7.80
1.45 21 NA 49,78 5.36

When itis compared with literature, measured cooling rates are cohiarganeral

Different heat input and cooling ratebtained from literaturaretabulated inTable

4.6. The difference between cooling rates ahee to differences in the size lbase

metak used However,in generalhigher heat input values yields lower cooling rates.

Table4.6. Heat input and cooling rates in literature

Cooling rate°C

HI (kJ/mm) st Source

0.9 60 Li et al.[62]

1 30 Shome et al63]

1 30 Andia et al[64]

1 15 Poole et al[65]
15 15 Zhao et al[66]
2.35 7.79 Zhu et al[22]
2.5 23 Kiran et al.[67]
2.5 5.35 Zhao et al.[66]
2.6 15 Hu et al.[68]
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According to PAGSof the CGHAZ continuous cooling transformation diagrams
given inFigure4.11, Figure4.12andFigure4.13were generateda software JMatPro

[69]. Cooling curves of welds having 1.4kJ/mm, 1.1 kJ/mm and 0.65 kJ/mm were
drawnwith respect to the cooling rates (indicated with red lines).

Considering ltese cooling curves of the welds, higher martenfsitmation and
retained austenite expected iICGHAZ inwelds having lower heat inputs. All of the
welds crosses bainite start curves of the CCT diagrams. However, in terms of amount
of the bainite phasea CGHAZ, higher input weld is one step ahead from the relatively
low heat input onesin CGHAZ, additional phase transformations such as upper
bainite formation and MA constituent formation occur with grain coarsenard

weak points are formed durirgoling.

COMPOSITION (¥¥t%)
CCT Fe:97.471
Cr 023
Mn: 1.63
Mo: 0.11
Nb: 0.06
Ni: 0.02
5i:0.38
Ti:0.02
@Fenite(0.1%) 5; 3'30750
Pearlite{0.1%) S:0.0030
M Eainite(0.1%) TRANSITIONS: (C)
@ Pearlite(99.9%)  Pearlite: 690.8
Meainite9.9%)  Bainite: 595.5
—100.0 Cls Ferrite: 842.9
Martensite:
10.0Cis Start 438.1
1.0Cs 50%: 405.6
01Cis a0%: 330.1

800

800

)

-
[=]
=]

Temperature (C
[=7]
o
o

5]
=]
[=]

400

01 10 1000 100000
Time (3)

Grain size : 5.36 ASTM
Austenitisation : 892.92 C

Figure4.11. Continuous cooling transformation (CCT) diagram of weld hairgkJ/mmheat input
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COMPOSITION (W15}

CCT Fe:97.471
Cr.0.23
Mn: 1.63
900 Mo: 0.11
Nb: 0.06
Ni: 0.02
800 Si:0.38
Ti;0.02
c: 007
~ 700 @rerite(0.1%) P: 0.0060
1CA .Pearlite(U.I %) S:0.0030
95’ M Eainite(0.1%) TRANSITIONS: (C)
© 600 @ Pearlite(99.9%) Pearlite: 630.8
@ ini Bainite: 585.5
g !?g'ungeé?: % Ferite: 842.9
= _ Martensite:
500 10.0 Cis Siart 4381
—1.00k 50%: 4056
0.1 Crs 90%: 3301
400
30001 10 1000 100000

Time (s)

Grain size : 7.8 ASTM
Austenitisation : 892.92C

Figure4.12. Continuous cooling transformation (CCT) diagram of weld having 1.1 kJ/mm heat input

COMPOSITION (Wit%)
CCT Fe: 97.471
Cr.0.23
Mn:1.63
800 Ma: 0.11
Nb: 0.06
Ni: 0.02
800 5i:0.38
Ti: 0.02
c:0.07
700 @ rerite(0.1%) P 0.0060
o M Pearlite(0.1%) 50,0030
g M eainite(0.1%) TRANSITIONS: (C)
T 600 W Pearlite(@9.9%)  Pearlite: 680.8
o Meainite(99.9%)  Bainile: 595.5
E —100.0 Cfs Ferrite: 342.9
= 500 —100Cis Msat';ft’,‘fg; ;
—1.0Cs 50%: 405.6
0.1 Crs a0%: 330.1
400
300
0.1 10 1000 100000
Time (s)

Grain size : 8.82 ASTM
Austenitisation : 892.92 C

Figure4.13. Continuous cooling transformation (CCT) diagram of weld having 0.65 kJ/mm heat
input

A SEM image taken from CGHAZ region is giverFigure4.14. As it is clearly seen,

the microstructure and morphology is greatly different from base metal. The
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microstructure igcicularferrite along with a small amouat bainite, martensitéke,

and carbide®uring the formatn of bainite the transformation is time dependent and
diffusion controlled On the other handnartensite forms as a result of instantaneous
shear of the austenite to a BCT lattifbe microstructure changes as the heat input
and cooling time chamg. In their workon X90 steel Zhao et a[66] states that,
specimen having lower heat input andi@gcooling rate has a microstructure consists
of lower bainite and small amount of globular baimitelspecimen having higit heat
input and lower cooling ratkas polygonal ferrite and some globular bainite in its
structure Li et al. [70] observed that microalloying elements sashTi, Nb, and B
restricts grain growth in CGHAZ while preventing the pearlite formation and large
grain carbides at the grain boundariesthe same heat input and cooling regime,
addition of these microalloying elemenissults in bainite, polygonderrite and

carbide having microstructure.

p .
4 -~

- ot
WD mag HV HFW |
6.3 mm |10 000 x | 20.0 kV [29.8 ym

Figure4.14. An SEM micrograph of CGHAZ
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When considering mulpass welding, additional CGHAZlated regionsan be
defined:

1 The unaltered coarse grained heat affected zone (U CGHA&)egion in
which the CGHAZ is reheated to a temperature above 4@00

1 The supercritically reheated coarse grained heat affected zone (SC CGHAZ)
the region where the temperature reaches betweenahd 1100°C during
reheating.

1 The intercritically reheated coarse grained heat affected zone (IR CGHAZ) in
which the temperature reaches betweenahd A during reheating.

1 The subcritically reheated coarse grdiresat affected zone (S CGHAZ) in
whichthe temperatures reaches below Aaring reheating.

These extra zonagiven in Figure 4.15 wereillustrated by Maclda et al.[71] in .
Local brittle zonegLBZ) are referred as weak links in weldfiese LBZ with lower
toughness are most probably placed in IR CGHAZ next to fusioritie The heat
treatment after the first pass causeddMonstituent formation in IR CGHAZ which
havedetrimental effects on toughness of the mat§tig). LBZs having hese retained
austenite and high C containing structunase a brittle nature drcrack susceptible
due to martensit@21]. Otherresearcheralso stated that M\ containing LBZs are
formed at HAZ, especially in IR CGHAEZ2].
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Line of fatigue precrack

SRCGHAZ

CGHAZ

Tempered
IRCGHAZ
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8P N\

Line of fatigue precrack

Figure4.15. Additional CGHAZ regions formed in mulpass welding71]

The LBZs can be identified with the help of micro hardnessasuremeston welds
since the indentations in macro haeds testing is too large to detect these zokes
high resolutiormicro hardness scanning with HV 0.5 conducted by Td3ahin a

real line pipemulti-pass weldingshows tlat hardened brittle regions are located at
reheated IR CGHAZegions(Figure4.16).
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Figure4.16. Hardness variations in mufpass welding73]

In this studyplates welded by thbeadon-platemethod were shjected to hardness
measurements to investigate the IRCGHAZ region. Since it is not possible to detect
LBZs with large indentations and high interspacing of macro hardmésshardness
measurements were done with 0.5kgf (HV0.5). The 0.4mm interspaaih@.akgf

yields higher resolution and helps to identify locally hard regidmdal of 570
measurements were recorded per specimens within an area of 7.2mmx1THamm.
micro hardnessaluesare given in thdorm of contourmap inFigure4.17, Figure

4.18 and Figure 4.19. Weld having ongass 1.4 kJ/mm heanput shows
homogeneus structure and hardness along HAZ reguith a maximum of around

238 HV. However, platebaving lower heat inputs which aneelded by2 successive

weld passes shows hardening in reheated zomefardness reaches 261 HV.
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Figure4.17. HVO0.5 hardness contour map of weld having 0.65kJ/mm heat input
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Figure4.18. HVO0.5 hardness contour map of weld having 1.1 kJ/mm heat input
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Figure4.19. HV0.5 hardness etdour map of weld having 1.4 kJ/mm heat input

Vickers macro hardness tesvere conductedn multi-passweldedjoints according
to ASTM E384[74] with the specimens that were prepared for macro examinations.
The schematic representatiofithe hardness locatiomsgiven inSection3.5.
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Macro hardnesgalues(HV10) are tabulated ifable4.7.

Table4.7. Macro hardness measurement results (HV10)

Specimen Row Base Metal HAZ Weld Metal HAZ Base Metal
1123 |4|5|6|7 8|9 |10|11|12|13| 14|15

1 |182|188|187|215|209|213|205|171|194|212|209|192|180| 180|182

11 kafmm 2 |182|179|186|198|211|216|209|176|195|250|225|215|176|177|183
3 |173|179|189|215|220|237|187|168|170|196|191| 181|181/ 178|176

065 1 |181|186|186|206|222|221|224|215|230|221|219|210|188| 192|193
kJ/mm | 2 |178|178|181|217|239|226|213|204|206|244|219|198|176|172|177
3 |186|186|183|217|227|238|213|191|185|204|202| 189|189 191|192

Table4.8. Comparison of nero and macro hardnesaluesin the CGHAZ region

Hardness in CGHAZ Hardness in IRCGHAZ
Heat Input . Macro .
Macro (HV10)| Micro (HVO0.5) (HV10) Micro (HV0.5)
1.1 kJ/mm 213 220 250 261
0.65 kJ/mm 222 254 244 225

The maximum hardness recorded at the untempered H&¥®dirst weld pass with

the heat input of 0%kJ mm! becausét corresponds to the stiest cooling period

However, the mean hardness of the reheated (tempered) part of HAZ of this bead is

between 225 and 230 HVThe higher secondary cooling temperatures that is close

to the Acz during multipass welding, the hardenability and hence dveadness

decreasef’5].
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On the onéhand, higher heat input (1kD mm?) provided longer cooling durations
that limits martensite formation and consequently the mean hardness in CGHAZ (220
230 HV1). On the other hand, the successive thermal treatment of CGHAZ yielded
LBZs with high hardnes4.BZ usually contain untampered martensite embedded in
carbonenriched retained austenite {A) constituent§76]. Improper cooling rates
may preclude the bainite transformation and promote formation of the M
constituent[77]. The contribution of MA constituent to the embrittlement of-as
welded material depends principally on its shape, size, distribution and carbon

concentration.

4.3.The Local Brittle Zones

In micro hardness scanning of weld zones, regions giving peak hardness values are
named as local brittle zones (LBZ)he term is first described in mid 1980s after
different grades of microalloyed steels were subjected to CTOD testing froch whi
unexpectedly low values have been observed in HAZ regioese zones are small,

hard and brittle phase regions which form in heat affected zones (HAZ) ofpastti
welds[76]. These LBZs become more prebiaticas the low temperatuteughness

is decreased significantly because of the presence of undesired microstructural
features such as | arge PAGS, wupges,andbai ni t
martensitic island§78]. The MA islands, or constituents, formed in CGHAZ of the
weld have tb most deteriorative effect on toughness of the material among these
featureq79]. During the second thermal cycle of CGHAZ formed during the previous
weld run, some partial transformation to austenite takes place at the intercritically
reheated spot of the zone (IR CGHAZ)ig partial transformation to austenite occurs
preferentially at the previous austenite grain (PAG) boundaries. This reverted
austenite has relatively high C content as compared to the remaining matrix. Rapid

cooling after the welding operation, togetheithwihe high C content, may yield
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retained austenite, as well as the partial transformation to martensite. The spots that
content a mixture of martensite and retained austenite are called marmunsi¢initic

(M-A) constituents.

The IR CGHAZ micrograpb of 1.4 kJ/mm, 1.1 kJ/mm and 0.65 kJ/mm weldments
are shown irFigure 4.23, Figure 4.24 and Figure 4.25, respectivigdyinvestigate
the MA constituents whose volumieaction and sizeare the key factors for the
toughness decrea$®0] LePera etchanid5] wasused. This M-A constituents &
seen as white, Pis light brown and GBas light brown with white tiny MA islands

with the grains.

The matrix of the structure consistsioftheweld with thehighest heat inputhe M-

A constituentggrown along the austéa grainsare very smallbut theyare nearly
connectedi.e. necklace type M\ constituenf81], when compared with the others
(Figure4.20). Weld having 1.1 kJ/mm heat input has smédcky and lath type MA
atthe grain boundarig&igure4.21). On the other hand, 0.65 kJ/mm weld has bigger
and generally locky M-A along the prio austenite graiboundarés(Figure4.22).
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Figure4.20. Micrograph ofthe CGHAZ region of 1.4 kJ/mm weldment (etched by LePera, 1000x)

Figure4.21. Micrograph oftheIRCGHAZ region of 1.1 kJ/mm weldment (etched IBeka, 1000x)
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Figure4.22. Micrograph oftheIRCGHAZ region of 0.65 kJ/mm weldment (etched by LePera)

M-A constituents are hard and brittle due to martensite and the high C content of the
retained austenit&enerally, as the indentation area was bigger than the sizes of M
A constituents, the micro hardnesgasurements were less trustworthy to inspect
these hardM-A particles. Lower Vickers hardness values was measured than actual
M-A const it ueSntethes depthaof tHenirelentation was also an issue in
this process theincertaintyis in two dimensionsThe Berkovich naneindentations
givemore reliable values for the hardness of thé Monstituents as the indentations

are far smaller than the micro hardness indentations and the depth of indent is

shallower.

Nano indentatioomeasurementsn the specimens fat.15 kJ/mm and 0.65 kJ/mm
yielded different results. Thélistribution of the hardness values are giveRigure
4.23.
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Figure4.23. Nano indentatiotnardness distribution

Mohseni et a[82] suggest that the hardness ofAvconstituents is related to its C
content, whichwas determined to be in between 0.6 andat.% with a cooling rate

of 20°C/s.Li et al. [83] acquiredsimilarly an average C content@Bwt.% at cooling

rates 15.3 and 6.&/s for the successive thermal cycles.

4.4.M-A Formation

When the peak temperature is between Al and A3, teddnstituent is considered

to be transformed from the-€hriched austenite region, which was reaustenized in the
second thermal cycle. M constituents argenerally classified in terms of their
morphology, namely massive (blocky) and elongated (stringer or slender). These
constituents may be isolated or connected (neckigis). TEM studies by Li et al.

[86] indicatad that both blockytype and slendetlype M-A constituent preferred to
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form lath structure(Figure 4.24). Dark field TEM imageg19] indicate that the

adjacent laths may have large crystallographic misorientations.

Blocky-type
M-A

500 nm

[/

Figure4.24. TEM micrographs of the MA constituentn the IR CGHAZ. (a, c) bright field and (b, d)
dark field micrograph§l9]

The higher PAGS promotes formation of acicular ferrite due to high density of
intragranular nucleation sites, such as inclusions. Whereas, the smaller PAGS,
containing a relatively high density of grain boundary nucleation sites, leads to a
microstructure that consists predominantly of bainite. The bainite nucleates at PAG
boundaries and grows as laths that have similar crystallographic orientation and a high
uniform dislocation densif87]. The length of laths is limited by impingent with

other laths, and €nriched interlath austenite transforms teAMonstituents. On the
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contrary, acicular ferrite grows eandomlyoriented laths where M constituents are
usually formed as discrete particles. A crack has to be extahdedgh a more
tortuous path in a microstructure where acicular ferrites exist, thereby leading to an
improvement intoughnesg88]. Austenite grain size affects thensformation of
martensiteand so does the formation of-M constituents. Yang and Bhades[88]

show the relationship between austenite grain size arahtbent of transformation

as below:

0 Y -1 Qo —— p p (21)

where a and b are fitting parameters for the steel, f is martensite fraction, m is aspect

ratio of martensite plates aMd is average austenite volume.

Additionally, Andrewg90] estimates th&ls temperature of the steel with respect to

t he al | oy iwegptpecénasne nt s 6

0 VOWT LD pOi p@)QuBD € ¢pK xpddE @ @O 06i(22)

As PAGS becomes largehe transformation from austenite to martensite increases
As transformation ineasegrobability of retained austenitiecreasesThis theory
supports the case tHatver amount of retained austenite and thusAMonstituent in

the 1.15kJ/mm weldment, which have larger PAGS ttie0.65 kJ/mm weldment.

On the othehand, due to higher C migration, an increment in local C concentration
occurs. This promotes the decrease @ft®énperature and retained austenite in the

structure.
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The formation of MA constituents in the IR CGHAZ depends on the CGHAZ
microstructure andhe cooling rate. The cooling rate of the second thermal cycle
determines the bainitic transformation from austermtiher lower or upper bainite

As the cooling rate increases, the transformed product becomes more lower bainite.
The lower bainite consists of sheaves of elongated ferrite crystals with low
misorientations and a high dislocation density, containing epeasaxed MA
constituens. Whereas, upper bainite consists of parallel ferrite dafesratethy low

angle boundaries, and containing both very high dislocation densities alhd M
constituents retained between the pld@s]. Nonetheless, lkawa et.gB1] and
Matsuda et al[77] experienced VA constituents increased rap
became longer than 42D secs achieving maximum values and then decreasing due

to decomposition into carbides in ferrite that began after 50 secs

Not only the fraction, distribution and morpbgly of M-A particles are important in

terms of the fracture toughness, but al so C
through 9/ U interface du eAcdomstituetsinHSIAwer C s ol
steels content from 0.6 up to 2.2% whatether C content in the matrix i&s an

increase in carbon content results in an increase of the hardness of the martensite,
hardnessneasurmentsfrom M-A constituents having different morphology differs;

800 to 1200 HV for massive and 600 to 800 HVdlmmgated92] [93].

Erian[94] found that the strain and the residual stresswelded steel grade X70

with the aid of magnetic Barkhausen noise (MBN) and deflection angle versus number
of passes graph$he number of weld passes, so the heat inputaf pass, showed
correlation between eadbther (Figure 4.25). As the total number of weld passes
increaseshte magnitude of strain and the residual stress gets lower. The strain in the
multi-phase field increases the total area of the interface of phases, consequently the

rate of C diffusion during the phase transformation incrd@&ésBesides, the plastic

94



strain of austenite influences the kinetics of ferrite formation; A3 incr¢@sgBoth
processes promote theddrichment in the remaining austenite during cooling after

welding operation.
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Figure4.25. Relationship between number of weld passes and residual [S&in
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