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ABSTRACT

INVESTIGATION OF KEY-HOLE WELDABILITY OF LINE PIPE STEEL
GRADE X70M IN TERMS OF FRACTURE TOUGHNESS

¢ aj €Meameé

M. Sc., Department of Metallurgical and Materials Engineering
Supervisor: Prof . Dr. C. Hakan

CoSupervisor: Dr . Koray Yurt éxke

June 2017132 Pages

Micro-alloyed and thermomechanically rolled HSLA line pipe steels promise
optimum strength and toughnedheir microstructure contains generally globular
and acicular ferrite. However, the hemduced by welding during line pipe
fabrication alters the microstructure at the proximity of the fusion zone \affextts
indirectly microstructure of the heat affedt zone, consequently the fracture
toughness, is governed by the chemistry of the material and the thermal cycles during
the welding process. In fabrication generally submerged arc welding (SAW) is
applied.The hybrid plasma arc welding (HPAWnight save ifler consumption and
reduce the heat input of the process. The purposei®fmbrk is to investigate
weldability of X70M by using thekey-hole based hybrid welding procesy

focusing orfracture toughness

Keywords: Hybrid plasma arc welding; Gas metal arc welding; Submerged arc
welding; Keyhole welding; X70M; High strength low alloy steels; Crack tip opening

displacement



¥Z

X70M SINIFI BORU HATTI ¢ELKKLERKNKN ANAHTAR
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CHAPTER 1

INTRODUCTION

The energy demand increases day by day due to the population growth in the world.
Although the need for clean and renewable energy has a great importance for
environmental sustainability, high amount of fossil fuels are still used due to some
inevitable irdustrial applications. Relatively, fossil fuels are transported by using

high capacity equipment and techniques. The best way to transfer the fuel is

pipelines due to economic and safety concerns.

The construction of the pipeline involves joining sectionsmfal or line welded
pipes with circumferential welds known as girth weld@snploying GMAW and
FCAW techniques The welding praesses area rate limiting step in pipeline
construction.SAW is peferred technique during line pipe fabrication, whereas
GMAW or FCAW are employed for girth welding in the field. These welding
techniques are employed due to their high efficiency and high bridging capabilities.
New weldingtechniquesave been developéad the pastiecaddo address this issue
with regards to long pipeline construction projects. The application of taadem
multiple arc welding procedures have been advanced for evaluation as welding
methods forsome recent pipeline projectShe weldabity of the steel should be

improved with a new welding techniques.

API 5L X70M is one of the most favourable line pipe steel in construction projects,
such asTrans Anatolian Pipeline Project, namely TANAP, is under construction
using APl 5L X70M (PSL2)n the main line The steel has relatively superior
properties compared to production costs of other high strength low alloy line pipe
steels, i.e. X80 and X100. Its optimum mechanical properties are obtained due to
improved fabrication techniques, i.e. tm®mechanically controlled processes.



TMCP provides the formation of finer microstructural constituents, using small
amount of micrealloying elements, compared to conventional steel fabrications. The
formed smaller acicular and polygonal ferrite yieldrhtgughness values. Although

the welding process cause a variations in fusion and-dffemted zone
microstructure, the initial material properties are tried to be maintained using proper
welding techniques. One of the relatively new welding methdgybrid plasma arc
welding. HPAW is used for only kelyole based welding processes, due to its narrow
and deep penetration characterisfitk The method yields better weldability with

lower operationakost compared to conventional GMAW and FCAW.

Conventionalwelding fabrication codes specify maximum tolerable flaw sizes and
minimum tolerable Charpy energy, based on good workmanship, i.e. what can
reasonably be expected within normal working practices. These requirements tend to
be somewhat arbitrary, and iaié to achieve them does not necessarily mean that
the structure is at risk of failure. The failure risk might be limited and eliminated by
determining the material behavior under certain circumstances. The material
toughness affects the behavior primaalyd it is used to benchmark the applicable
fabrication and construction welding methods. The suitable fracture toughness
measurement methods for X70M grade steel path dependent crack tip opening
displacement and path independesimtdgral due to the steebeys elastiplastic

fracture mechanics approach.

The toughness behavior of the material varies due to the differences in material and
processesThe welding processes are mainly affect the microstructural variations in
FZ and HAZ. The complex strugeiin HAZ downgrades the toughness of the line
pipe steeld2]. The lowest toughness values are obtained due to the local hardened
points, which are determined according to weakedt models[3]. The retained
austenite based morphologies, such as martessdtienite islands, caused the

detrimental effect on the desired mechanical propdgdies



The aim ofthis study,is to investigatekey-hole weldability of X70Min terms of
fracture toughness anw analysethe reasons behind toughness variationsthe
basis of physical and mechanical metallurdje hypothesis iased on the

investigation of effects of six phenomena

Welding techniquesSAW, GMAW, and HPAW,

Welding parameters, such as weld bevel design and applied power,
Single and multipass welding,

Chemical composition of filler metals,

Coupon thicknessnal

= =/ 4 4 4 -2

Local weakest points, such as MA formations in IRCGHAZ.






CHAPTER 2

THEORY

2.1. General

Theory chapter is divided into 4 main sections. Firstly, brief overview on pipelines
and their common properties are given. Secondly, the properties of APl 5L X70M
steel and its production road are mentioned in detail. Thirdly, the fabrication route of
line pipe steels and the effects of each different processes on material properties are
discussed. Finally, the basis of this thesis, fracture toughness properties in
accordance with common fracture mechanic approaches and applicable test method,
CTOD, are stated.

2.2. Pipelines

The most of the fossil energy sources are transferred from one place to another by
pipelines. Various kinds of line pipe materials are produaadrding to ASME,

API, and ISO standards. The widely used line pipe materials are generally produced
in accordance with API standards. The most popular one, AP]5plspecifies
requirements for production of welded and seamless steel pipes, which are mainly
used in natural gas and petroleum industries. This specification consists of two kinds
of production specification level (PSL) and various types of line pipe steels, with
grades from X42 to X120M.

PSL 2 defines themandatoryminimum and maximum values for two material
properties (notch toughness and carbon equivalent, CE), in addition to tineumini
values of tensile strength, yield strength and notch toughness given in PSL 1. The
other major difference between these specification levelseidype of pipeends



The steels can be manufactured with be#ed, threade@nd and plairend for PSL
1 or with only plairends for PSL 26].

Table 1. Classification ofline pipe steelsiccording to API 51 5].

PSL Delivery Condition Pipe Grade

As-rolled, normalized, normalizing formed A
As-rolled, normalizing rolled,

thermomechanical rolled, theramoechanical

formed, normalizing formed, normalized, B
— normalized and tempered or if agreed Q&T
SMLS only
As-rolled, normalizing rolled,
thermomechanical rolled, theramechanical X42, X46, X52, X56, X60,
formed, normalizing formed, normalized, X65, X70
normalized and tempered
As-rolled BR, X42R
Normalizing rolled, normalizing formed, BN, X42N, X46N, X52N,
normalized onormalized and tempered X56N, X60N
BQ, X42Q, X46Q, X56Q,
Quenched and tempered X60Q, X65Q, X70Q,
PjL X80Q, X90Q, X100Q

BM, X42M, X46M, X56M,
X60M, X65M, X70M,
X80M
Thermomechanicablled X90M, X100M, X120M

Thermomechanical rolled or

thermomechanical formed

The suffice (R, N, Q or M) for PSL2 grades, belongs to the steel grac

In the designation of the steel grades, the digits after X symbol indicates the
minimum yield strength in terms of ksi rounded down to the nearest integer, and the
letter refers delivery condition. The letters R, R, and M mean asolled,

normalized, queched and thermomechanically rolled in a given order. For instance,



API1 5L X60N (PSL2) means that the steel is in the normalized condition, and has 60
ksi (415 MPa) yield strength.

In many pipeline projects thermomechanically rolled or formed line pgedssare
useddue to their superior mechanical properties. All API 5L specified line pipe
steels are listed inmr@blel).

General application of @Tmomechanical processes is based on sequential forming
processes. Thermomechanical controlled process (TMCP) containing hot
deformation and cooling rate, also Pagn important role in microstructure
formation. In addition to the alloying content, thehmrical parameters of TMCP
such as soaking temperature, rolling temperature, finishing temperature, cooling rate

and cooling interrupt temperature argnificantfor the final microstructurg?].

TMCP is a twestage processF{gure 1) compared to the traditional hot rolling
operationand, thetime delay is introduced between roughing and finishing. This
allows the finishing operations to be carried out at tempestbelow the
recrystallization temperature, which results in the formation of fine pancaked
austenite grains and transformation to a -fjrned ferrite structure. The
process is greatly facilitated by the addition of carfatening elements. In
particular, it was shown that the addition of about 0.05% Nb causes a marked
retardation in recrystallization which allows controlled rolling at significantly
higher temperaturd$].
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Figure 1. Schematic representation of thermomechanically controlled process
(TMCP)[g].

The micrealloying additions, when in solution, control the transformation of
austenite to ferrite. Generally, mieatioying elements increase ttiemperature
where complete recrystallization occurs and retard the recrystallization of austenite
below this temperature. The precipitate particles of these +alloging additions
restrict the grain growth of austenite by retarding the grain boundargment
through pinning them. This leads to a highly deformed, fine austenite grain structure.
Since the initial austenite grain size is smaller, the resulting ferrite grain structure
after the 9 to UThe typical SMCoproceasesiandeiheffests f i ner .
on the microstructure can be seenRig@re2 andFigure3).
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Figure 2. Different kinds of TMCP applications on API X70 and ¥&ddeline pipe
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Figure 3. The effects of TMCP on morphological formations in microstrugtLte

Additional constituents cause var@ts in carbon equivalent. This term helps to
indicate crack sustainability andhaterial hardenability during welding. These
constituents in small amounts will directly change the microstructure and mechanical
properties of welded steels. The major mialloying elements are Nb, Ti and V.

The effects of micralloying elements on steels are summarizetiaible2.



Table2. Effects of micralloying element§l1]].

Elements (W1t%) Effect of Addition
: atrix strengthenin recipitation hardenin
(0. 03EQ g g (by precip g
Si . o :
1 Improvement in strength (by solgblution hardening).
(upto 0.6)
1 Retard austenite decomposition in accelerated cooli
process.
1 Matrix strengthening by substitutional seBdlution
Mn hardening.
(1. 6E2 Lowering DBTT.
Promoting fine grained lower bainite.
Higher Mn content cause centerline banding in hot
rolled steels.
Nb 1 Retard recrystallization between rolling passes by
. redudng temperature range
(0.03EQ o .
1 Limiting austenite grain growth
1 Improveslow-temperaturéoughness without losing
Ni weldability of low-C steels
(0. 2E1 1 Eliminates undesired local brittle zone formations ar
increases toughness in contrast to Ni, Mg and Mo
MO e . .
. 1 Improves hardenability and promotes lower bainite.
(0. 2EO
- 1 Suppresses austenite grain growth by TiN formation
[
. I Maintains hardenability by fixing free Ni
(0. 005E Yoy J
1 Strong ferrite strengthener.
v 1 Matrix strengthening during temperibg precipitation
: hardening
(0. 03EC

Strong ferrite strengthener.
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In order to increase the efficiency of tipgoeline, the gas flow rate should be
increased. This can be achieved by increasing the operating pressure and outside pipe
diameter which necessitates the use of stronger materials. By increasing steel
strength, the wall thickness, hence the overall weight, amddkt of the project can

be reduced. However, if high strength accompanies with a decrease in toughness, the
risk of reduction in crack propagation resistance and formaplly13]. The former
mayresult incatastrophic failures, especially at low operating temperatures, whereas
the latter makethe productivity complicated and difficult. Hence, the main aim is to
acquire the combination of strength and toughness. The line pipe steels require high
yield strength, low ductile tdbrittle transition temperature and sufficient absorption
energy[14]. This requirement can be satisfiasing HSLA or specifically produced,
TMCP, line pipe steels. Although the minimum requirements to have HSLA steel are
275 MPa (40 ksi) yield strength, the line pipe steels could be named as HSLA after
X70M and X80 grade due to the chemical compositionits given by ASM
International [15]. Besides, both HSLA and TMC processed steels have good
corrosionresistant performance beyond owning great mechanical properties. It can
be possible when the alloying elements cause fhenation of desired

microstructural constituentse. ferritic structure rather than pearlitic one.

2.3. The Material, APl 5L X70M

APl 5L X70M (PSL 2) is the primary option in pipeline construction due to its
optimum costenefit ratio compared to other HSLA and PSL 2 line ezl
Thermomechanically forming and shaping processes give higher chance to compete
with other common line ipe steels, such as API 5L X65 and X80 grade steels.
Although these three grades have average mechanical properties to be used in off
shore and oshore pipeline construction projects, APl 5L X70M grade is widely

used due to its availability advantage.

The mechanical properties of X70M grade line pipe steel are specified as 485 to 635
MPa vyield strength, 570 to 760 MPa tensile strength and minimum 17% elongation

11



[5]. The chemical composition limits are givenTiable3 [5]. Chemical composition
has a great effect on the desired mechanical properties by altering the micradtructur
features. Therefordraction of alloying elements may vary to meet the mechanical

requirements.

Table3 Chemical composition constraints of APl 5L X70M grade line pipe dtgels

Carbon
Mass Fraction Equivalent
(% maximum) (%
maximum)
C Si | Mn P S |V!|Nb!|Tit| Other?3| CEmw | CEpcem
X70M | 0.12] 0.45| 1.70| 0.025| 0.015 0.43 | 0.25

The strength of the micralloyed steels is increased dramatically by adding micro
alloying elements for grain refinement and/or precipitation strengthening. The main
roles of important alloying elements are givenTable 2. Combination of alloying
elements and processing method result in different microstructures, which usually
consist of

1 polygonal ferrite (PF),

1 quastpolygonal ferrite (QF) or massive ferrite,
1 granular bainitic ferrite (GB or GF),
1

bainitic of acicular ferrite (BF or AF)

[16, 17]. The microstructural constituents of the X70M steel can easily be visualized
via the micrographs given figure4, Figure5, andFigure®6.

'bo b £ b ¢CA X nodmp 3
23/ dzx bAX /NE YR a2 X ndpn 2T . X nodnnawm 3
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Figure 4. LOM micrographs of APl X70M steel, consisting three different

morphological formations. PF: polygonal ferrite, P: pearlite, AF: acicuiarite.

[T —— w 10 pm

!\,'WE{E—MB U |8.0 0 000 x METE-METU

Figure 5. SEM micrographs of APl X70M steel, consisting two different
morphological formations. PF: polygonal ferrite, AF: acicular ferrite.
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Figure 6. LOM and SEM micrographs of API X70 and X@&deline pipe steels
[17]. AF: acicular ferrite, GB: granular bainite, MA: martensigaistenite

constituent, PF: polygonal ferrite, UB: upper bainite.

The high tougness and strength of the HSLA steels are due to acicular ferrite in the

structure. By controlling the fineness and the amount of this phase during rolling the

desired mechanical properties can be obtained. Shin[6}.&kave worked over X70

and X80 steels with different chemical compositions and rolling conditieigsire

3), namely A, B and C. Tensile and Charpynutch impact tests were performed

between-1 96 and +20AC. The (Table 4)ltogstherawite pr esent

chemical compositions and microstructural phases.
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Table4. Mechanical properties of variously processed (TME&P) X70 and X80
grade line pipe materials in terms of their microstructyred .

C | Si | Mn | Ni | Microstruc |V | a | Y/U | USE | ETT | FAT
+ ture
Mo
W1t.% %|em J oC
A |.06|.31|156|.20f AF,GB, | 3| 9 | .81 | 244 | -79 | -90
(MA)
B 05(.30| 156 | .37 | PRFAF,UB,| 2 | 8 81 | 194 | -99 | -101
(MA &
cementite)
C |.07|.23|1.76|.56| AF,UB, | 5| 6 | .79 | 200 | -97 | -99
(MA)

V Volume fraction ofsecond phases

a Effective grain size

Y/U | Yield strength / tensile strength ratio
USE | Upper shelf energy

ETT | Energy transition temperature

FAT | Fracture appearance transition temperature

Kim et al. reported the tensile properties, upper shelf energy and eoebititle

transition temperatures fdour chemical compositions anithree different rolling

routes Table4) [14]. Hashemi et al. reported that the transition temperature of X70
steelsisarouneds 0O AC wi th having upper shelf Char g
respectively for-Z, HAZ and base metal. They showed that BM and HAZ exhibit
bainiteand acicular ferrite structure with HAZ having various but coarser grain sizes,

while FZ is composed of acicular and Widmanstatten feffig.

In addition to S, high Mn and Si concentration makes the steel susceptible to HIC.

HIC tests of X60 and X70 grades demonstrated that the zone at the thickness centre

15



has a high concentration of manganesié¢con, and subhur, and cracks mostly
nucleate around this zof&g]. However, it was also shown that the microstructure of
the modern TMCP linpipe steels is the principal factor determining HIC resistance,

where bainite and martensite are susceptible but AF is refigjant

Additional micrealloying element, Nb, low carbon content and combining
advantages of TMCP, weldability of X70M (PSL 2) grade line pipe steels may be
considered to be good. The decreasthemamount oexisting elements, except Fe,
always ncreases the weldability. Therefore, X70M could be categorized as HSLA
steel, and its lower alloying element content helps it to have good mechanical
properties and weldability at the same time. The weldability of materials and their
microstructural alteteons mainly depends on the cooling rate. These variations
could be determined via continuous cooling transition diagrams. The CCT diagram
of X70M steel is given ifrigure?.

COMPOSITION (%)

(G Fe: 97.46221

Al:0.035
Cr.017

Cu:0.016
\ \ \ Co: 0.004
huliiin Nk Mn: 1.633

1000+

Mo: 0.12
Nb: 0.06
Ni: 0.097
5i:0.272

Wrerite(1%) Ti:0.017

I Pearlite(1%) V. 0.055

M eainite(1%) W:0.0029

& sustenite(1%) B:1.8E-4

*# Martensite start 20037

® Martensite 50% Nj DO

@ Martensite 90% Fd e
5:0.001
TRANSITIONS: (C)
A3: 854.2
Pearlite: 681.2

Hardness 246 122 124 Bainite: 605.9

800+
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400+

Temperature (C)

200+

0,1 1 10 100 1000 10000 100000
Time (s)

Austenitisation temperature (C) : 1000.0
Grain size : 8.0 ASTM

Figure 7. CCT of API 5L X70M,20] .
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2.4. The Process, Fabrication of Line Pipe Steels

Fusion welding is an indispensable procégeng construction of the pipelines and
usually fabrication of the line pipes. Seamless pipes are available for ordering;
however, the welded steel pipes for the use of a large diameter pipeline in the
transportation of petroleum and natural gas are gépereferred. As it can be seen
in the Table 5, longitudinal or helical (spiral) suimerged arc welding can be

employed for fabrication of all typesd grades of line pipes.

Table5. Employed welding method in accordance with line pipe types.

Type of Pipe PSL 1 PSL 2
Grade GradeB X42 to Bto X80 X80 to
A X70 X100
SMLS Vv Vv Vv Vv \Y
LFW Vv Y Vv
HFW \ \ \% \%
LW \
SAWL Vv Vv Vv Vv \Y
SAWH \Y Vv Vv Vv \Y

SMLSI Seamless, (without weld)

LFWT Low frequency welded pipe, <70 kHz
HFW High frequency welded pipe, >70 kHz
SAWLI Submergeéirc welding (longitudinal weld)
SAWH- Submergeérc welding (helical weld)
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2.4.1. FusionWelding, Energy Sources and Welding Zones

The fusion welding is a proper joining procdss materials which have similar
melting points and microstructures. The weld pool is formed by inducing heat to melt
the parent materials. The heat sources can bena,la beam, an electriesistance

and an arc.

Figure8 represents temperature vs. distance profiles during string bead welding at a
constant weldig speeds. As the torcthe heat spotmoves from the initial welding
points, the parent and molten metal starts to cool down to thbegteor room
temperature rapidly. Hence, the obtained temperature gradients during fusion

welding operations are higheompared to casting processes.

The fusion welding can be operated by using filler metal or conducted by melting the
parent materials without arijier addition. In former casé¢he welding process must

be designed according to parent metal and qoorefing microstructure. The
additive filler metal leads to dilution between parent and filler material.
Consequently, the chemical composition differences between the parent and the filler
material become significantly important. The microstructural featun FZ and

HAZ are diretly affected from this factodn latter case, the welding is defined as
autogenous.The applied heat melts the parent material and lead some thermal cycles
to the adjacent regions of the FZ. The thermal cycles changesandance with the
distance from the FZ and the heat source. The heat transfer conditions caused a
microstructural alterations in the subjected materials. The heat transfer conditions
can be determined according to the filler wire, the parent material tand

concentration of heat input.

18



temperature

ﬂoﬁon

Figure 8. Schematic view dhefusion welding with temperatugradient profile[1].

Common microstructural features obtained by fusion welding are givEigure9.
Theregionsthat reachea temperaturghigher than the melting poinf the material

is named asfusion zone.The crystals can exist with the molten metal in the
thermodynamic equilibrium when the fusion line is subjectetigat that employs

the melting temperatures. Actually, this thinner zone is named as partially melted
zone (PMZ). Microstructure of the materials is altered within the HAZ because of the
applied thermal cycles. The coarse grained microstructure is observéae
overheatedor slowly cooledregions, adjacent to the fusion line. The grain size
reduces along the parent metal, as the induced heat decreases, and the fine grained
HAZ is subjected to normalizatioifhe partial grain refinement exists in the zone,

where temperature is below the melting temperature
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International Organization for Standardization (ISO) defines weldability as:
"Metallic material is considered to be susceptible to welding to an established extent
with given processes and for given pwses when welding provides metal integrity

by a corresponding technological process for welded parts to meet technical
requirements as to their own qualities as well as to their influence on a structure they

form."

Fusion Zone
Partially Melted Zone

Temperature

Coarse Grained HAZ

Fine Grained HAZ
(Recrystallized Zone)

kartiaﬂy Transformed Zone

Tempered Zone

N&se Material

Figure 9. Microstructural variations between fusion zone and base material.

The weldability of the materialss influencedequallyby four main factors,process,
material, purpose, anddesign The materialbasedfactors can be classified as
physical characteristicanicrostructureand chemical compositioriThe chemical
compositionvariationsis typically responsible for the ageinthe hardenabilityand
the convectionsin the weld poal The microstructural features aresponsible for

grain formations, phase transformations and segregation within the fusion zone.
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Mechanical and physical properties of the material, i.e. toughness, strength, and
thermal expansion coefficient, have a significant role upon shaping the material
characterists.

——  Power Density, Wmm? ———

b NI

20

I AN

JERANNA

Figure 10. Representative view of the effect of power density on depth of weldments

[1].

T~ T

Weldability of the materials also depends on the design of the welding operations.
Dimensions, level, type, strain rate, arrangements of the joints and distribution of the
applied load affect the desidactor. Environmental variables, e.g. temperature and
humidity, are other important parameters for welding operations. The process based
parameters can be listed as follows:

1 Welding method,

9 Joint type and bevel design,
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Filler type and chemical composition,

Auxiliary consumables,

Specific point energy,

Preheat (interpass and prleating temperature),

Postweld treatments,

= =4 4 -4 - -2

Heat input.

Finally, thepurpose factor is defined according to physioagchanical and chemical

properties

Fusion weldings typically operatedn two modeskey-hole or mekin (conduction)

mode In the keyhole mode, the heat is localized on having an incident power
density. The focused heat leads to haveolumnar vapor cavity within the molten
material. Effect of the highqwer density, 200 W/mfthat forms the keyole, can

be seen irFigure 10, in which depth of penetration and the bead form are illustrated
(Figure 10a). However, power density decreases as the penetration depth increases.
This change occurs for constant interaction time and welding pdwgiré 10 b, c

and d).

Radius

=

Depth

(b)

Figure 11. Weld pool llustrations(a) the reversed Marangoni effect a(the

Marangoni effecfl].
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The key-hole is maintained duringperations, which dependm the equilibrium
between the forces created by vapor pressure and those exerted by the surrounding
molten materiglwhere the gradient of the surface tension of the weld pool is turned
from negative to positive which is normally positive to negative in thredaction

mode of welding Kigure 11b) [21, 22]. This effect leads to a reversed and more
intensive turbulence, towards the centre of the weld gogufella)[23].

2.4.2. Weldability of Material

Weldability of HSLA and some of the line pipe steels, such as API 5L X70M, X80,
X100, and X120, are identically better than lower grade line pipe steels because of
their material properties as illustrated in Section 2.2. The welthezeate the new
regions, namely fusion zon@&Z) , and change the regions, namely heat affected
zone (HAZ), by fusion and thermal cycles. Thermal cycles exist only if the weld
bevel or the gap between two base (parent) metals were filled in two ompasse

The representative view of muftass weldments is shown iRigure12).

—inaltered GCHAZ
I T
y_ r
Y !
f o—L —cmmnz

Figure 12. lllustration of heataffected zone with abbreviatiofi34] .

The successf welding procedure can be controlled by HAZ investigations because
this region is the weakest location in terms of material properties. The microstructure
of the HAZ is altered due to heat input and diffusion of welding consumables.
Normally, the coolingratesis directly related tdeat input In other words, if there is

no external parameter or applications on weldments, the cooling rates oppositely
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proportional to the amount of heat input. Frometallurgicalpoint of view, as heat
input increases ocooling rate decreases, the gsimithn HAZ are enlargedThe
width of HAZ also increases so the microstructure in these regions chasggen

in Figure9.

The deteriorative effect of heat on microstructigairectly seen in CGHAZ and
IRCGHAZ. In thesaegions,enlarged grains include many kinds of morphological
formations, which have divafied chemical and mechanical propertigfe typical
example ighe formation of martensiaustenite islands in some line pipe steels, like
X70M and X80. In IRCGHAZ, results in high strength and lower toughf#gs 25,

26]. The amount obome micrealloying elements, Ni, V, Nb and Ti, directhffect

the amount ophases. If the filler wire includdsigh amount of austenite promoter
elements and the enough diffusion time is given, for low cooling rates various kinds
of austenitic phase &t in CGHAZ and IRCGHAZ.

The cooling rate after welding also affects the width of HAZ. Lower cooling rates
cause increasing growth rate during sdidte diffusion in HAZ. The fine grained
structures shift towards the base metal till the phases bemmmaetely transformed

or stable. The partialyransformed HAZ morphologiesan bechangd depending

on the above mentioned parameters. The stable structure in these regions becomes
unstable when exposed to enough amount of heat. The mechanical psagettese

regions are deteriorated compatedhose of the parent metals.

Furthermore, welding techniques applied on various metals cause different

microstructural and mechanical features depending on the fabrication parameters.
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2.4.3. Arc WeldingTechniques (SAW, GMAW, FCAW, PAW)

Arc welding is a fusion welding procesghich employs heat of an electric arc
between the parent metal and the electrode to fuse parent and filles. Méthling
electrodes can be in different types, #iosible or fusille. Fusible welding
electrodes have complementary chemistry as the parent metal and are employed as
filler to bridge the joint gap; hence they are consumed.-f\sible welding
electrodes are made of metal alloys, which have -highing points, such as
tungsten with oxide additives and pure tungsten. In technical manner, tungsten
electrodes are not fused during welding operations, except for a very small region at
the electrode tip. Therefore, they are also called ascopnsumable welding

electrodes.

The fusion or molten zone should be protected from the atmosphere to control the
zoneods metallurgy. Al at mospheric- gases
oxides, can react with the molten metal, causing bad metallurgy or defects that
weaken the weldand the material, during any arc welding operations. Flux or
shielding gas is used to protect the weld pool and the HAZ from atmosphere. The
basis of the arc welding classification is defined by the way of shielding and the

structure ofanarc.

The basicand conventional arc welding techniques are given in Figure 8 with their
standard codes and formal names as per both European norms and American codes.
International Standardization Organization abbreviates the welding techniques with

both numerical andighabetical codes.

Shielded metal arc welding (SMAW), is typically a manual arc welding process that
consumes a fusible welding electrode coated in flux to lay the weld. This welding
method is also known as manual metal arc welding (MMA). The techngue i
invented before the other arc welding me

of the electrode disintegrates, giving off vapors that serve as a shielding gas and
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providing a layer of slag, both of which protect the FZ and HAZ from atmospheric
cortamination[1]o The coating flux may have rutile, cellulosic, or lzasharacter

according to quality requirements and the application.

Arc Welding Methods

|
\ [ [

AWS / ASME Shielded Metal Arc W. Submerged Arc W. Gas Metal Arc W. Gas Tungsten Arc W. Plasma Arc W.

SMAW SAW GMAW GTAW PAW
EN / ISO Manual Metal Arc W. Unterpulverschweifen Metal Inert/Active Gas W. Tungsten Inert Gas W.
MMA, E up MIG/MAG TIG

Figure 13. Classification of arc welding methods according to the standdids

Gas Metal Arc Welding (GMAW) and Submerged Arc Welding (SAW) methods

require a mechanical consumable fed of tubular (flux cored) or solid wirteceles.

Haughton was proposed mechanical feeding in 182ufe 13). HAZ and FZ are
protected from the atmospher i ablaoketot ami nat i o1
the granular fusible flux consisting of silica, lime and other ceramic compounds in

the SA welding operation, whereas GMA welding uses a gas or a gas mixture in

order to shield the weld zones. Shielding gas or molten flux forms plasma columns

which provide a path for stable arc between the parent metal and the wire electrode.
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July 10, 1928, 1,676,985
F. A. HAUGHTON

AUTOMATIC ARC WELDING MACHINE

Filed Sept. 14, 1925 3 Sheets-Sheet |

|

L oqg]

Inventor:
Frarmk A.Hzn_}_g hton

by st
His Attorney.

Figure 14. Representation of first invented automatic welding maching27] .

The Plasma Arc Welding (PAW) and its predecessor, GTAW, usefusdrie
tungsten electrodes rather tha fusible welding electrodes to form the arc. The filler
wire can be or cannot be employed during PAW and GTAW operations. The short
arc length of GTA welding needs a great care to prevent contact between the parent
metal and the welding electrode. lbpides the possibility to obtain high precision
works. PA welding was developed from GTA welding. PAW affords a condensed
arc by the help of a small orifice. Constricting the arc yields high power density;
hence, a deeper penetration can be attained cethpa conventional arc welding
methods.
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The essential function of the shielding gas or the flux is to protect the molten metal
from atmosphere and the imperfections due to the contamination. Moreover, each gas
and flux has unique physical features, whictuse variations on penetration, linear
welding speed, seam appearance and form, dilution and arc stability. During arc
welding operations, the atmosphere between the parent metal and the electrode, and
surfaces of the electrode and the parent metal aseaated and ionized to receive
charged particles, i.e. ions and electrodes. The required energy to remove one
electron from the atom is called ionization energy. Some examples for the ionization
energy during welding processes are represented ingbdi@s 1, 2, 3, 4, and 5

[28]:

60 60 P C 0 (1)
O 0 a0 0 © )
6 0 oM 0 Q 3)
Ba da Q T18Q® (4)
00 0Q QT (5)
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nozzle of the torch nozzle of the torch

contact tip contact tip

non-consumable W-electrode
cathode

consumable wire electrode

base metal
anode

base meta
cathode

Direct Current Electrode Positive, Direct Current Electrode Negative,

DCEP(EN / 150) DCEP (EN / 1SO)
Direct Current Reverse Polarity, Direct Current Straight Polarity,
DCRP (AWS / ASME) DCSP (AWS / ASME)

Figure 15. Schematic view of direct current polarization types existed until the end of

arc welding operation§gl] .

High temperatures are obtained during arc welding processes. The arc temperature
reaches maxi mum 6000AK during caensitgnti on
plasma arc in the PA welding process, tekemiper at ur e i s[28about
Charged particles are removed directly from the metal lattice similarly the electrode
surface and the parent metal at high temperatures. The electrostatic field of the
welding potential, between the cathode and the anode, is responsible for the moving
direction. Collision and movement of the ionized particles form the welding arc.

The anode temperature is generally higher than the cathode temperature for the
conventional gashielded arc welding processes. The polarity is determined by using
the tempertre differences. Two different direct current polarization methods during

arc welding operations are showrFigure15.
While the arc welding opetians, i.e. PAW and GTAW, use direct current electrode

negative to provide a fusing priority to the parent metal, GMAW presents reverse

polarity to let the wire melt simply to have a high metal deposition.
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2.4.3.1. Submerged Arc Welding (SAW)

The heat, ppduced via electric arc existing between the wmdce and bare
electrode / wire, is used to join the plates each other usingflwirenixture. One of

the major constituents of SAW method is flux, which helps to cover all the weld pool
during operationsSome of the flux and molten metal are mixed due to generated
heat, and it forms a slag on the surface of weldments. The slag protects the weld pool
and arc zone from atmospheric contaminations and avoids metal spatter. Complete
slag cover on the weld pbprevents smoke during welding. Additionally, the slag
layer reduces cooling rate of FZ and HAZ. Therefore, weld bead becomes smoother,
and the cracking tendency on the weld bead and intersections of FZ and HAZ

reduces.

SAW is a widely used method to join thick plates with high welding speeds and
deposition rates due to its high welding current, even greater than a thousand
amperes. Obtaining high currents is possible because of slag covered molten metal,
fusion zone, etinated spatter tendency and larger consumables, which are bare
wires. SAW has also a great tendency for mwlte feeding applications because of
acquiring high welding currents. The schematic view of SAW system is shown in

Figurel®6.
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hopper

feeder of
flux

granular flux

base metal

Figure 16. lllustration of SAW system.

The main advantages of SAW method are high productivity, continuous wire
feeding, uninterrupted heawguty welding, high penetration capacity, smooth weld

beadfinish; almostno spatter and smoke. However, there are some limitations of SA,
such as limited operation capacity on thinner plates, invisible welding arc, and flux

retentivity difficulty on diffeently shaped sections.

The alignment of plates becomesimportantissue due to thmvisible welding arc.
Columnar flux and arc are fully covered during welding hence the weld metal
deposition could not be checked precisely. In other words, the aligroheach pass

and the location of deposited metals might vary and dynamic motion of plates upon
subjected to high heat input. These factors also limit the application of SA welding.
The plates, thinner than 5 mm, cannot be joined by this method bedausmiog

risk. The smaller diameter pipes could not be welded circumferentially due to falling

tendency of granular flux.
From ametallurgicalpoint of view, high heat input causes enlargement of grains,

which are located just near the intersections of FZ and HAZ. Enlarged grains form

regions, namely coarggain heataffected zone (CG HAZ). The formation of CG
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HAZ could also be investigated otetail. The increased growth rate and decreased
nucleation rate due to lowered cooling rgiesmotegrain growth. The larger grains
cause reduction of mechanical properties of weldments, especially toughness of
materials are deteriorated. To compensateutidesired effects of SAW, some post
weld treatments could be applied. For example, weldments are subjected to
normalizing heat treatment to obtain finer grains in HAZ, and thus, higher toughness.

SA welding method is applietb a variety of materials,such as pressure vessels,
structural components, pipelines (large diameter ones), etc. The techniques might be
butt welding, keyhole welding, girth welding and fillet welding. Additionally, SAW

is used for cladding purposes. SAW applications shouldidre in closed and
controlled fabrication areas. The-oantrolled areas sometimes contain moisture,
which causes porosity in the weld metal, FZ. The girth weld operations are
progressed by rotating the line pipe sheets without flawing of 26

2.4.3.2. Gas Metal Arc Waling (GMAW)

GMA welding technique ismostly useful forvertical, inclinedand overhead welds

with high speed and deposition raiéhe welding electrode i®d over the tubular
copper contact tip, which is placed in the welding torch, which has a nozzle
surrounding the tip (Figure 18). The shielding gases include active and/or inert gases,
which are mixed according to the material types. Gas mixtures consisting active
gases (@and CQ) and inert (He and Ar) might be utilized for shielding of the
steels, wereas only inert gases might be applied during titanium, aluminum, and

magnesium alloy welding.
The electrical current passing over the contact tip to the wire electrode produces the

arc. Therefore, the heat melts the end of the welding electrode. Maéemode

metal fills the gap between pieces by dropping molten metal.
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Figure 17. Flowchart of welding processes and their outputs.

Dynamic forces of multiple origins, e.g. surface tension, electromagnetic fields,
vapor pressie and gravitation, affect the detachment of molten metal droplet from
the electrode tig30]. There is a metal vapor on the weld pool. Vaporized metal
createspressureto the metal droplet, which is formed at the electrode tip. The
pressure acts over the welding wire and tries to keep the droplet at the electrode tip.
Gravitation effect depends upon the welding position. While gravitation helps the
droplet fall down tahe pool at the flat position, it tries to keep the droplet at the tip

of the wire at the overhead position. Electromagnetic field and the surface tension of
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the metal droplet are the dominating factors on the metal transfer regime which
determine the sizef the droplet and its transfer mode.

Figure 18. GMAweldingtorch nozzle cut awallustration; (1) Torch handle, (2)
Threaded metal nut insert (yelloand Moulded phenolic dielectric (shown in
white), (3) Shielding gas difger, (4) Contact tip, (5) Nozzle output f§4&4] .

Sq

@) ()

Figure 19. Existing Lorenz forces, a, and surface tension, b, on the mefaletr

[32.

A L o r-feraez avhich is provided by arelectromagnetidield, is also termed as

pinch-force since it creates a pinch effect on the neck of the droplet. The pinch
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(Lorenz) force, F, is proportional to the square of the current amplitude, as given in
Equationss;

0 0, (6)

where a is the crossectional area of the wire and k is a constant. If other factors are
considered to be constant, increasing welding power leads increase in the

number of droplets that fall into the weld pool per unit time.

Welding power is not only responsible for the pinch forces, but also for the viscosity
of the metal droplet. An increase in the temperature of the metal droplet dogko a
welding power decreases the viscosity of the metal droplet, which provides a lower
surface tension of the droplet. The shielding atmosphere is another factor that
determines the surface tensiigure19. Using small amounts of active gasses as an
addition to inert gases (2 5%) enhances the arc stability and reducesstinece
tensionof the molten metal droplet. It is possible to obtain smadpkbts by using

gas mixtures that involve active constituent up to 25% due to this surface tension
effect. Such gas mixtures are utilized for spray transfer welding of steels. Further
increase in active gas content leads to higher surface tension awrd)wemty the

formationof bigger droplets.
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Figure 20. lllustration of shielding gas effect on metal transfer mode.

GMA welding power suppliers have tlgriasiconstanipotential static characteristic.
The outputvoltage remainsalmost constantdue tothis characteristiauring the
weldingoperationgFigure20). Therefore any change in the arc lenddads tdarge
current arplitude changs, and spthe welding power.The $orterarc lengthcauses
adecreasen the arc resistance, welding povaerd higher current amplitudevhich
employsthe wire electrode meit high ratesand thus, restore the original arc length
in milliseconds.On thecontrary, longer arc lengtleads toless current amplitude,
higher arc resistanseand welding power, whicbauseghe electrode melh slower
rates,andthus restors the original arc lengthRigure21). The weldercankeep the
arc lengthsteady during operations by the help of the process
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Current Amplitude, A
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Figure 21. The sekcorrection of an arc length in GMA weldifd)] .
2.4.3.3. Flux Core Arc Welding (FCAW)

In the fluxcored arc waling (FCAW), the arc exists between the workpiece and
tubular electrode or wire, which is fed continuously. This arc creates the sufficient
amount of heat to melt the material. Shielding is generally obtained by shielding gas

or flux, which exists in tubalr electrode or wire.

Although there are similarities between GMAW and FCAW, this method has
additional advantages for some applications. For example, high deposition rates can
be obtained by FCAW. FCA welding is used to have good weldments in ferrous
metals commonly. High currents are obtained without losing the control of the
existing arc in comparison to GMAW applications. This method allows welders to
see the weld pool clearly and to remove the slag, during welding. On the other hand,
there are metaspatters and smoke because of nature of FCAW. The electrode or

filler wire transfer occurs through the existing arc.
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Figure 22. Schematic view of two different shielding types in FCA welding.

FCAW needs to be protected from aspheric contaminations by a shielding gas.
There are two sources, which are external shielding gas angradifced shielding

gas. SeHproduced gas means that the gas could be generated from used consumables
via decomposition of implicit ga®rming maters. Such consumable wire is a type

of a flux-cored electrode and named as-séitlding electrodes.

Moreover, the slag layer slows down the cooling process, however, requires post
removing with manual equipment, like clipping hammer or wire brush. The self
shielding electrode usage simplifies the welding operation because of eliminating
additional equiment, shielding gas tubes. These electrodes are mainly developed for
stainless steels and lealloy steels, but they can be used in mild steels too. FCA
welding is generally applied after pheating. Préheating of fluxcored electrodes,
especially sekshielding ones, increases buoff efficiency and deposition rate; and

decreases penetration depth.

There are some disadvantages of FCAW method, witkskadfding electrodes. The
most critical one is that the weld metal might have poor metallurgiadityguThe
ingredients of the seBhielding electrode are highly denitrifying and deoxidizing

agents. For example, these electrodes generally include aluminum as a primary
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element inside the core. This causes lowering impact toughness and ductilityl of wel
metal in fusion zone although it neutralizes the undesired effects of oxygen in the arc
zone. The external shielded electrodes are used for critical applications to
compensate these negative effects. External gas shielding allows having deeper
penetratio during welding and protecting the molten metal from detrimental effects
of atmosphere without additional elements in the-sigiklding electrode. The deeper
auxiliary gas shielding during FCAW enables this method to be applied callmyv
steels withotilosing mechanical properties due to better metallurgical quality in the
fusion zone. Another advantage of the external gas shielding during FCAW
operations is the achievement of higher currents and deposition rates via auxiliary
gas shielding. Globularna spray transfer is possible with this type of FCAW

applications.
2.4.3.4. Plasma Arc Welding (PAW)

Relatively new plasma arc welding technique was developed by modifying GTAW
to improve the productivity of the methd@3, 34]. This new method has some
advantages which areigher LWS, lower heat input, and better root contour

compared to conventional arc welding methods.

Generally, keyhole based technique is preferred, in which complete penetration is
obtained, for PAW operations. A continuous hole is formed through tbeotn
welding processed-{gure23). Lower arc divergence can be obtained compared to
GTAW arc by condensed plasma arc, hence arc length variatiorse daferated in

a wide range. High aspect ratio can be attained due to high power density by PAW,
which operated in kefiole mode. Tomsic and Jackson have been investigated the
relations between process parameters of PAW and energy distribution, we#frfdrm
melting efficiency in detgiB5. The PAW can also be operated in nrielt
(conducton) mode of welding.
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Figure 23. Real illustration of keynole based HPA welded steel.

It is stated that concentrating the plasma within a narrow jet yields high power
density. Additional copper nozzle, which has smaller oriioenpared to common
equipment, allows to have constricted plasma jet. Contrary to the conventional arc
welding techniques, two different shielding gases are blown in main gas nozzle. The
interior gas, namely plasma or orifice gas, is completely inert toirelie the
oxidation problems on tungsten electrode. The shielding gas, which might be active
or inert depending on the joined material, is blasted through the outer nozzle. The
tungsten electrode, located inside the nozzle, has consistently negativty pslam
GTAW.

2.4.4. Welding Parameters (Welding Power, Specific Point Energy, Heat Input)

Theory of action of the arc has been discussed extensively. A typical arc potential
curve is shown ifrigure24. Ayrton has shown that the relation between the current,
I, flowing through the arc and the potential difference, U, across the arc can be

expressed by the equat[G6);
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U=U+ (bAabdtl) (7
whered3 g @danddidare constants. However, thdgfinition can be applicable

for the smallearcs few millimetres air gap and with low current amplitudes.

Oh mdé s WUsedm currentpotential andamplitude relationship for the welding
arc. The law states thtte potential differences directly proportional tathe current
amplitudeacrossthesetwo points. t means thathe amplitude othe weldingarc
current increases with decreasing resistarkigute 25), and vice versaunder

constant potentialgccording tdEquation8:

V=IR, 8)

whereddis the amplituteof thearccurrent,&vdis thearc potentialandd@dis thearc
resigance.|f the arc lengthvaries the arcresistancechangesin accordance with

Equation 9 during the arc welding processes

R = 3 L [/ A, 9)

whereq 6is the resistivity of the ar@Adis the crossectional area of the ar@,R 6
the arc resistancand d_bis thearclength. InFigure25, RS,RL, and RM stand for
correspondingelectrical resistancewhich arethe shortest possihlehe longest
possible and medium arc lengths, respectively. If the electtgulgoes further away,
the arcmight be distinguishedlue to thathe maximum possible potential difference
will not be enough to keep the arc alive. Moreover, if the electipdgetstoo closer
than the shortest arc length, then the arc will be distinguisbealuse oftte contact

betweerthe workpieceand the electrodavhich causeshort circuiting.
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Figure 24. Variation of arc potential with current amplitude.

RC welding needsa power supplier, which shoutdainly be designedccording to
the weldingtechnique The power suppliercommonly have a transformer which
rises the current amplitude and decredbeshigh voltage of the network, arice

rectifier thattransforms the alternating curreiotthe direct current.

Thepower suppliers are designed in two different potentials versus current amplitude
characteristics; constant current (droping) characteristicd namely constant
potential (flat) (Figure 26). Actually, they are quasionstant characteristics,
developed via microcontrollers. Quasinstant current power suppliers @fgsen

for manual weldingmethods, i.eSMAW and GTAW due tokeeping the current
amplitude almost constant is the principle concern to provide welder atehort
opportunity to fix what is wrong (position, welding power, linear welding speed,

etc.) during the operation. Since the power supplier provides a relatively small
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change in thewrent amplitude, and consequently, arc power for the corresponding
relatively large change in the arc potential or arc length, it is named as a constant

current power supplier.

&
]
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; po »re
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Figure 25. The graphical illustrations of potentidifference variations with respect

to current amplitude, with possible arc length relations.

Figure25 showsa proposed diagramwhich illustrateshie welding processariations
and the consequences othe applied welding parameters inphysical and
metallurgical sensesMoreover interaction timet_i, is an key parameter, which
defines the weld pool convection, and sthe heat transfer conditionand the
penetration depthlrhe two majorwelding metrics, namely specific point enelyyd

heat input can be determined by these welding paranj8@rs

The specific point energy, Ean becalculated based on tiiguationl10;

O 7 0® (10)

whereAd is the area of thexistingarc 0} 0 is thanddbsweer dens

interaction time, which is calculatextcording to Equation 11.
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(11)

di ameter of the arc and LWS

Figure 26. Graphical representations of two different purpssestatic
characteristics of welding powea) quastconstant current antd) quastconstant

potential

The material based effective factors are geometry of the workplaceharibadt
transfer coefficient of the materialhe process centered factdnetooling rate, is
mainly determiné by the heat inputduring conductionmode of welding The

process basecdeht input, H,canbedeterminedaccording tdequation 12

0 —- (12)

where6 dd i s the efPoi disenchye fieed spgdcificgyeeldgag wee
method.&@bis generally assumetl80-0.85 for GMAW and 0.60 for PAW38-42].
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2.4.5. Hybrid Plasma Arc Welding

The weldable thick materials can easily be joined in a single pass with higher linear
welding speeds due to the advantageous characteristics of plasma arc. The plasma arc
welding method is more suitabb®mpared to laser bearnrsindustrial applications
becauseits high bridging capacity and wider spot siz€he better microstructural
properties might be obtained by combining the wire arc and the plasma arc. The

combination improves the weldability bigh-alloyed steels.

The high deposition rate and gepenetration capabilities are combined in HPA
welding. This method is a combination of GMA and PA welding techniques. The
capability of deep penetration allow to complete the joining in a simgle The
singlepass welding requires less consumables coeapao the conventional
techniques. Moreover, HPA welding provides less residual stress and less distortion

in aswelded materials.

The principal advantages of the HPA welding:
1 Does not require any special operational preparation,
1 Small spot size,
1 Deep mnetration,
1 Moderate powedensity.

Although HPA welding employs such advantages, the welding parameter
optimization and design are still significant to have proper material properties, which
might be microstructural, mechanical and chemical. Especidiby,high alloyed

steels require much attention to be joined by HPAW due to their operational sensitive
material characteristics. The applied heat input and power density might affect the

microstructural evaluations imprudently.
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Figure 27. The schematic representation of HPA welding system, SuperMIG,

designed and produced by Igor Dykhno and Georgiy Ignatcié8ko

The hybridplasma arc welding method previously uskeding works completedly
Yurtisik et al., Tolunguc, B. and Okan, KL, 44-47].

2.5. The Property, Elastic Plastic Fracture Mechanics and Fracture Toughness

The pipelines are subjected to different loads in industrial applications, such as oil or
petroleum transportation and water transportation. The pipelines are designed
according to the service pressure. The pressure is due to internal or external factors.
In gas transportation pipelines are categorized as intermguiegsure pipes.
Although both internal pressure and external loads are almost similar, there could be
largescale axial plastic loads due to earthquakes or any other unexpected variations
on the earth surface. Therefore, all the existing and suddenly emerging loads are

modelled and investigated to eliminate any catastrophic failure in service condition.
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The investigations are mainly performed to reveal fracture mechanisms which

depend on mateai and application.

Conventional welding fabrication codes specify the maximum tolerable flaw size and
the minimum tolerable Charpy energy, based on good workmanship, i.e. what can
reasonably be expected within normal working practices. These requisetaedatto

be somewhat arbitrary, and failure to achieve them does not necessarily mean that

the structure is at risk of failure.

Fitnessfor-purpose analysis, or Engineering Critical Assessment (ECA), which is
based on fracture mechanics principles, renkemerged in modern codes to assess
whether a given flaw is safe with respect to brittle fracture, fatigue, creep or plastic
collapse under the specified loading conditions. For such an analysis of a known flaw
at the weldment, the following informatias needed:

1 Size, position, and orientation of the flaw,
1 Stresses acting on the region containing the flaw, and

1 Toughness and tensile properties of the material containing the flaw.

I l

Region | Region |l Region Il
LEFM | Transition Range |  Ductile Upper Shelf
LEFM or EPFM EPFM

Brittle Cleavage |
Fracture Mode

Use K,
fracture mode | Ductile Fracture Mode

Fracture Toughness

| [
Use ch ’ Jc or ch Use ch and
| J-R curves

Temperature

Figure 28. Dependence of fracture mode on tenagure.
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Fracture mechanics is categorized in two main theories based on crack tip plasticity,
namely LEFM and EPFMFigure28). In LEFM approach, thgielding at crack tips

is assumed as small, so the material behavior correlates with plane strain conditions.
The second theory is structured on #lioear material behavior, which could not be
investigated via LEFM. Tough and ductile materials, work ungl@ane stress
condition and slow loading rates. The approximate yielding conditions for these

fracture mechanic approaches are showfigare29.

o
LEFM

o Linear-elastic
Localized yielding
at crack tip

o

o

Crack REFM

Elastic-plastic
Net section ylelding

o’

Figure 29. lllustration of yielding conditions of cracked bodies based on common
fracture mechanics, LEFM and EPFM.

Some investigations have been done about the correction of the K factor for the
plastic zone existing at the tip the advancing crack. The plastic zones are evaluated

to characterize the deformation before severe crack propagation. There are some
local conditions adjacent to the crack tip affecting the material behavior. These local
conditions can be analyzed vians® EPFM parameters, such asitégral, crack
opening displacement, crack opening angle, crack tip work, crack tip force and
failure assessment diagrams. Fracture behavior of a material can be the described
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using fracture toughness, which could be reptesed as val ues of K,
term, fracture toughness, is used to define the resistance of materials to the crack

propagatiorj48§].

K, stress intensity factor, i's used to
extension when singularity zone is larger than the plastic zone at the crack tip. K
value strictly depends ondlcrack size and existing stress. The pirain fracture
toughness, KIC, can be measured if there is no plastie at the crack tip. The
additional requirement to define KIC is slow loading rate under haksestic

conditions.

., =0 — (13)

J—— (14)

Pipelines are usually subjected to a lasgale axial plastic load. The applied load
causes plastic deformation at the crack tip where the materials are categorized as
elasticrateindependent matials. Fabricated line pipe steels and welded ones need
to be characterized according to the elaglastic fracture mechanics (EPFM). The
fracture toughness of these materials can be idetermined by CTOBnimgrhl

methods.

The fintegral method is enerally used when the material and applied load are not
suitable for the linear elastic fracture mechanics (LEFM) approach. Thénean
fracture behavior of materials, under the condition that there is strong plastic
deformation at the crack tip in s@ée conditions, can be determined by the help of
plasticity theory. This theory requires a new measurement method and -term J
integral. The formulations could be seen in EQs 15 and 16.

0 B 0Q®Y—Qi (15)
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(16)

Wells proposéd a new fracture mechanics parameter, CTOD, and it is represented by

a sy mpl9.IThistapproach is used to extend LEFM to EPFM by the help of

well-k n o wn estimations and proposal s, such a
determination for the infinite plate and Dug
plastic materials]50]. CTOD examinationis used to find engineering fracture
parameters in an easy way. The 0 values <co
equivalently [48]. Some of CTOD measurement formulas with respect to the

applications or material types, such as elastic or plastic materials, could be seen in
EQs 1722 .

5 2]
Q5=
R o>+R
m p0,.;2 -
(17)
£ \ 2 \3
R R
_ A() - Al[ p0.2 Az{ ]};0.2 } _ 43( }};70.2
; m m \ m J
(18)

a.
Ay, =3,18-022—~L
4 W

a:
4 =432-223%

~
~

4 =4,44-229%
w

A, =2,05- 1.06%
(19, 20,21, 22)
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Fracture toughness value depends on the material, fabrication process, environment
and loading rate. The most important factor is the material which includes chemical
composition production method, microstructural constituents and fabrication
method. Various methods can be applied to construct large objects. For example
change in welding, the parameters change the microstructural evolution of materials
entirely. Heat input is a major concern and effective parameter during welding. It
adjusts theheating and cooling cycles during welding and states the final material
properties. The cooling rate alters the microstructure directly. For example,
increasing cooling rate reduces the average grain size and, generally, improves
mechanical properties. Setmmes, the entrapped elements due to high cooling rates
cause local detrimental effects. If the entrapped elements are too strong compared to
both filler and base metals, the hard morphological formations will negatively
influence toughness and ductilitfhey possess stress concentration regions and

deteriorate the soundness of microstructure.

X70M (PSL2) steel is produced by TMCP which results in a very fine grained
mi crostructur e. lts fracturel®@oAGhnehsch
critical test temperature for eshore gas transportation pipeline construction

projects. In addition, the impact toughness values should be more th§s] 27 J
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CHAPTER 3

EXPERIMENTAL STUDIES

3.1. General

In this chapter firstly, the base and the filler metals are specified with respect to
technical standards. Next, the welding procedures with measured and calculated
welding parameters are described. Inspection and testing methods, which were
employed during welding intgity assessment armrocedurequalification, are then
addressed. It is followed lihe sections describg the methodology and procedures

for characterization of the parent metal and the weldments in terms of microstructure
and mechanical properties. Tlast section describes thainfocus of the thesis, i.e.

the fracture toughness of parent andvadded materials. Experimental techniques,

standardsand the investigated material zones are tabulatédbie6.
Table6. Summary of thexperimentainvestigations

Referencestandards PM FzZ HA

Elemental OE ASTM E350
constituents EDX ASTM E1508
. XRD NBS Standard XRD pattern
OM ASTM E112
SEM ASTM E766
MT (MPI) ISO 17638 & ISO 23279
RT ASTM E1742, ASTM
E2007 &ASME BPV Code

Integrity Macro-section 1SO 17639
SB ISO 5173
CWT ISO4136

Hardness HV ISO 6507 & ISO 9015
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Nancindent  ASTM E2546 & ISO 14577
Strength ASTM E8 & ISO 6507
Fracture CVN ASTM E23 & ISO 9016
toughness CTOD ISO/DIS 12135&ISO 15653

3.2. Parent and Filler Materials

The parent metall9.45mm thick API grade line pipe steelyas delivered in the
plate form (POSCO, South Korea), lot numB&48904)and conformed t&PI 5L
Grade X70M PSL2 per the qualification report HRB13286&heysupplier.

The plate was sectioned for material verification and welding fabrication as well.
Employing optical emission spectral analyselemental constituents of the parent
metal was investigated and found to be consistent witintterialcertificate as per
thestandard EN 10204 type 3.Igble3). The material was also verified in terms of
its mechanical properties specified by [bp

Mild steel solid and cored filler wires and a wftex combination were introduced
to the weld bevels duringvelding operations. Welding wires and the flux were
delivered from ESAB, company. Trade names and standard codes of the fillers are as

follows:

- OK Flux 10.71 and 3.2 mydiameter OK Autrod 12.24 wire (lot number
PV442016287) combination, which is specifiedthe standards SFA/AWS
A5.23 FBA2EA2-A4, was introduced during SAW operations.

- 1.2 mmdiameter SFA/AWS A5.18 ER70& (lot number PV534031289B),
and

- 1.4 mmdiameter SFA/AWS A5.18 E706M H4 (lot number PV3471022),
were transferred during GMAW and HPAWeyptions.

The chemical compositions of the filler wires and the wire/flux combination are
tabulated inrable11.
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3.3.  Welding Procedures

Two conventioal welding methods, SAW and GMAW, and a rmonventional
hybrid welding method, HPAW, were used to produce the&elded coupons in the
laboratory. Besides, some coupons welded in the field were investigated for
benchmarking. Allcouponswere coded with spect to the welding technique,

location of production anthefiller type (Table7).

Table7. Coupon designations.

In-field In-laboratory

Purpose Fabrication Fabrication Construction
Application | Both- _ _ _ _ _

. Singleside Both-sides Singleside

sides
Method SAW GMAW SAW HPAW GMAW
Filler F8A2- F8A2- E70CG
ER70S6 ER70S6
EA2-A4 EA2-A4 6M

Thickness 19.45 mm 16.00 mm 12.00 mm
Code SF GF SL HC | HS | HL GL

Standard weldingrocedures

Helical welding during linepipe fabricationis typically operated witha linear
welding speedLWS) of 1.07 1.5 m/min via tandem method, which is adopted on
SAW equipment. Two power sources, AC and DCEP, wilezed for two wire
feeders to reach these operational rates. Wires are generally 4diameter under

DCEP polarityand 3.2 mrdiameter under AC polarity.
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GMAW is preferred during construction girth welding operations. In GMAW
applications,generally the LWS is typically between 0.5 and 1.0 m/min for each
welding passTransferring 1.0 madiameter filler wires19.45 mmthick full-section

girth welds could be joined in 10 to 12 passes. Contrary to fabrication, inpdss
welding is necessary durirgirth welding because rotating pipes during the process
is not possible. The welding torches should be operated inhmaat and vertical
positions, as well as flat position, and therefore mass and fluidity of the weld pool

should be carefully controlled.

Standard line pipe fabrication with SAW and girth welding with GMAW bevels are
namely doubley and J types, respectivelyigure 30). Standard and aeloped

beveling and welding parameters are tabulatélchivle8.

Table8. Welding procedureparameters of joint geometries and averag&iesof
theprocess parameters (wire feeding speed, and linear welding sgeeid, m/min).

Joint geometry Process
t, 0% a, b, | Polarity | Uw, | WFS| lw, | lp, | Up, | LWS
mm mm | mm \% A A \%
DCEP |29 |- 1100| - -
SF 2.0/8.0 1.20
30 AC 31 |- 550 |- -
19.5 1.0 1.0
GF 1.5
5 DCEP |29 |10 250 |- - 0.75
0.0+ |05
SL 0.5 DCEP |32 |- 650 |- -
HC DCEP/N 8-10 | 400 | 190
16.0 3.0 0.70
HS 15 29 |10
1. 510 DCEP/N 370 | 190
31 |12
0.5 15
HL - - DCEP/N| 31 |16 400 | 160 0.50
GL 2. 0/00+
12.0 | 45 DCEP |29 |85 |270 |- - 040
0.5 0.5
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IN -FIELD WELDING OPERATIONS
FABRICATION (SAW) CONSTRUCTION (GMAW)

o o=30° o, =5°

| T=19.45 mm - T=19.45 mm

.a. = .-a-
IN -LABORATORY WELDING OPERATIONS
IN WELDING BOTH-SIDES IN WELDING SINGLE-SIDE
SAW & HPAW HPAW GMAW
o a=15° 0 =45°

T=12.00 mm |

T=16.00mm| [ b

o}
o

Figure 30. Parameters othejoint geometries.

Welding process optimization

In order to get uniform coupon geometries, the plates were first sectioned and ground
down to 12.0 mm and 16.0 mm in thickness, for shsifie andoothsideswelding
operations in the laboratory. Squay@ove butt andeveledjoints were employed

for full-penetration welding operations. Whereasfiéhd production joints were
obtained by standardubmerged and gas metal arc welding procedures; in
laboratory weldingprocedureswere optimized in terms of bevel geometry and

process parameters.
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Figure 31. The 3axis CNC welding manipulator.

The plates were located at tfiat position and then joined by SAVGEMAW, and
HPAW. These plates were aligned on the platform manually and clamped by the help
of pneumatic cylinders. After clamping, the mechanized torch was driven tleng
machined besls. Schematic welding sap is given inFigure31.

The shielding gases were used during GMAW and HPAW operations to protect the
weld pool from atmospheric contamination. The shielding gas mixture was -Argon
18% CQ. In addtion to the shielding gas, high purity (99.99%) Argon was used as
orifice gas to cool down and consequently condense the plasma arc in HPAW.
Shielding and orifice gas flow rates during the operations were about 14tfmit8

and 4 to 9t/min, respectivl.

While asinglearc exists between the welding wire electrode andmbr-piecein
SAW and GMAW, two different arcs exist simultaneously in HPAW; namely a
straight polarity (electrode negative) direct current (DCEN) betweewadhle piece

and tungsterelectrode and a reversed polarity (electrode positive) direct current
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(DCEP) between the welding wire electrode and wark-piece Lanthanated
tungsten electrode2.4 and 3.2 mm in diameter, were employed to obtain the plasma
arc. 2.4 mradia electrode povided higher power density at constant power values

than the one provided by 3.2 rrolia electrode, as expected.

HPAW and GMAW were employed for singtgde welding applicationsl.2 mm
diameter SFA/AWS A5.18 ER70&filler wire was introduced to the bevel in both
welding techniqueddPAW was applied on thequaregroovebutt joint, and the gap

was kept narrow in order to stabilize the condensed plasma arc, which requires
equilibrium between the pressures of the orifice gas and the vagialthrough the
keyhole. In order to ensure side wall fusion, haljidove was preferred fohe
GMAW operation. While HPAW process was completed with a single pass, 5
successive GMAW passes were needed to complete the 12thickmveldments.

Figure 32. Macro-sections of singlside HPA and GMA weldments.

Figure 33. Macro-sections of doubiside SA and HPA weldments.

HPAW and SAW were employed faloublesidedwelding applicationsOK Flux
10.71 and 3.2 mrdiameter OK Autrod 12.24 wire combination, which is specified
in SFA/AWS A5.23 F8AZEA2-A4, was introduced during SAW. HPAW was
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performed with two different filler wires; 1.2 muiameter SFA/AWS A5.18
ER70S6 and 1.4 mrdiameter SFA/AWS A5.18 E706M H4.

3.4. Integrity Assessment

Integrity assessments and procedure qualificatiortheoiveldmens were executed
in accordance with the requirements of the standards API 5L and API[3,194,
including both nordestructive testing (NDT) and destructive testifighle6).

I

Figure 34. Sectioning plan for destructive tests of the welded plates.

Magnetic particle testing was applied to support the visual inspection and to examine

possible weld surface discontinuities. The integrity of the weldments was confirmed
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using radiographic inspection by-Pdy, and the images were recorded on the digital

radiographic films.Phosphorous imaging plate (IP) was used to reconmhyX

examination results instead of using conventional radiographic films due to its

advantages, such as high image quality and reduced exposure / proces$hemes.
test was done accarmg) to ASTM E2007[52], and ASTM E174253], and films

were evaluated as per the requiesits and definitions in ASME BPV Code Section

IX [54]. The quality level employed for radiography was 2 32T2using hole type

1Ql).

Welded plates were then sectioned and tested accordithg teference standards

that are tabulated ihable®.

Bend tests were done to ensure gmundnessf thewel d e d

secti

bending of the specimen in accordance with ISO 5053. This weltknown

integrity test generally reveals existing lineafects under the face of weldments.

ons

The location of thdractureand the ultimate tensile strength at the location were

determined during the transvergerossweld) tension test. Tension test was

conducted at room temperature according to ISO 4466and APl 1104[51]. The

schematic representation of the CWT specimen is givEigure35.

S—

>19 mm —/

>

W=19mm

YN

P ™
: Lc>N+ 38 mm
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32 mm

Figure 35. lllustration ofthetransverse tensile test specimen.

Macro-examination was done to determine the general structure of the welded joints

by using 10% Nital reagent in accordance with ISO 1763p
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3.5. Mechanical Characterization

After macresection examination, the specimens were subjected to fhaoidaess
examination using Vickers indenter (Shimadzu H&)). The applied load was 98N
(HV10), and the diamond pyramid had applied load for 15 sec in each indentation
accading to ISO 65071 [58]. The distance between each indentation wasrin in

HAZ and at least 0.5 mm in PM and FZ. Matrardness measurements were done

on the weldments that were produced by using different welding parameters to
control the weld integrity. The specimens examined through 3 rows; one 2 mm
below the surfacefdhe specimen at weld cap side, one 2 mm above the surface of
the specimen at weld root side, and one approximately at thavatlidhickness of

the specimen. The base material and the HAZ at the both sides of the weld joint and
the FZ were examined by Bardness indentations. Totally, 45 indentations and
measurements were done on each specimen. The schematic representation of
indentations can be seenkigure36. The macrehardness calculations were done by
using Equation 23, F represents applied load on the surface and d represents the

length of diagonals.

J
O Mne—— ™ e (23)
00 ® e o 00
~ see ® 0o o soe
voe0 vo0

Fusion Line

Weld Metal

025 mm |

Figure 36. Schematic representations of the hardness indentaimrwding to API
110451]].
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Macro-hardness surveys were then followed by micro / Aearaness examinations

on specific locations in the paremetalandweldment Hardness variations between

FZ and HAZ were ingstigated by CSM naradenter. The Berkovich nano
indentations were applied in each phase, in the base metal and HAZ, using a sharp 3
sided indenter. The loads were chosen as 10, 20 and 100 mN for the regions, CG
HAZ, BM and FZHAZ transition respectivelyThe loads were applied for 15 sec,

and each indentation had been completed in 6 min, with 2 min indenter stabilization
duration. The inter nden't spacing was at | east 2 O

sized microstructural formations, i.e. MA islands.

Strength and ductility values of the parent and filler metals were determined by
uniaxial tensile testing, in accordance with ISO 6&8989]. The test specimens were
of the circumferential cross section with reduced width at thelenigth. Oblique

view of the specnens is given ifrigure37.

150

o7

012

Figure 37. Oblique view of the tensile test specimens.

The specimens were tested with a speed of 0.6 mm/min, up to the yielding point, and
then, with a speed offam/min by Zwick/Roell Z250.

Six temperature within the range § 0 AG7 8 AC were selected to
behavior of the base metal for impact toughness tests. Other Charpy specimens were
preparechsat least two sets, which contains three FZ and tHAe2 specimens, and
testedatl 0O AC. Al | speci mens were machi®ned to
and notches were located at fusion lines (in HAZ) and weld metal (in FZ). The notch

locations are shown iRigure38.
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Figure 38. Schematic representations of netohations on the impact toughness

specimens.

Charpy impact tests of welded joints, by SAW, GMAW, and HPAW, had been
completed at subkero temperatures in accordance with ASTM E2J. Two sets

(FZ and HAZ) of specimens were tested1oC. The specimens were machined to
the dimensions of 10x10x55 (mm3) with their 2 mmnatches transverse to the
weld direction, perpendicular to the plate surface and centered at the weld metal and
fusion lines at 4 mm below the weld top. The temperature etisgns was
stabilized by digitally controlled refrigerator at least 10 minutes before testing. The
dimensions of the samples were checked by Vernier calliper and certified GO / NO
GO gauge. Experiments were conducted via Zwick/Roell RKP 450. The schematic
representations of specimen placement inside the equipment could be fé&ugarén

39.
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Figure 39. Schematic view of Charpmpact toughness test seti§o) .

Fracture toughness values depend on the crack plane orientatithreaticection of
crack extension in relation to the principal directions of mechanical working, grain
flow, and other anisotropy. For testing of thewsdded samples, cracking will occur
through the centerline of the fusion zone, P denotes the dirgbtbris parallel to

the welding direction, N and Q denote normal to weld and weld thickness directions,
respectively. Therefore, NP orientation was chosen to complete the CTOD tests. In
the first trials by SAW, the specimens were machined to the dimensibns
17x34x170 (mm3, BB specimens). The other two experiments, 12-tmick plates
joined by GMAW and HPAW,; specimens were machined to the dimensions of
11x22x110 (mm3, BB specimens). Other specimens, from 16 -thiok joined
plates by SAW and HPAW, weraachined to the dimensions of 15x30x150 (mm3,
B-2B specimens). The notches were machined in accordance with ISO [B4135
and ISO 1565362] via wire-cut electric discharge equipment. The 0.25 -die
wires were used during this apéion. Notch locations were marked and recorded by
photographs before machining via ftest metallography methods. Rests were
conducted just after giving final dimensions by using 10% Nital reagents. The
chemical compositions of used reagents arergim Table9. Notch locations can be

seen schematically fRigure40.
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Figure41. Schematic view of the CTOD testgp{61]].
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The specimens wer subjected to local compression before fatiguecpaeking
operations. Fatigue pi@ack loads were chosen according to tensile test results of
each weldment. This operation was carried out by using MTS -gdraulic
dynamic testing equipment, and dhta was recorded to detect any equipment
operatofrelated errors during preracking. The final crack lengths were checked



continuously in order not to excess the limits given in ISO 12135 []. After fatigue
pre-crack, the specimens were tested in eta@oce with same standards and the
COD data were collected via KYOWA model gauge. The COD gauge was located at
the top of the notckigure4l.

Next, the crack lengths were measured on the broken surfaces by nine point method

Figure42t o cal cul ate U0 values.

0,018°

123456 7 89

Figure 42. lllustration of the fracture surface, used for crack length measurements
[6]].

Furthermore, the CTOD experiments wemnducted atl 0 AC and t hei r
records were kept via calibrated thermocouples. At least six specimens were tested
for each weldment, and the results were tabulated. The fractured surfaces were

investigated (section 3.6.).
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3.6. Metallography and Fractography

Microstructural characterization part was carried out using metallograpigy X
diffraction analysis (XRD), energy dispersive-ry spectroscopy (EDS) and

fractography. The reagents used to reveal the microstructures are ghabia.

Table9. Various reagents used for metallograpimeestigations

Reagent Composition Application Aim
o N .
2 wt% Nitric Acid 10-15 sec etching
295 | (HNO3) after 1 Microstructural
Nital 98 Wi% Ethanol diamond colloidal Investigation
(C2HsO) polishing
o Nicr: :
10 wt% Nitric Acid 1530 sec etching
100 | (HNO3) after 1000 grid _
, . , Macro-observations
Nital 90 Wi% Ethanol SiC abrasive pape
(C2HeO) grinding
1 wt% Sodiurmmeta
bisulfite Na2S205
% Picri i Selectively distinguish
4 wt% Picric acid 1530 sec etching y g |
C6H2(NO2)30H I ) between phases (ferrite,
LaPera ¥ 4 wellisfenl pearlite/bainite/cementite
iamond colloida
46 wt% Ethanol i and martensite/retained
(CHeO) polishing 0)
49 wt% Demineralized
water

Base metal was characterized after sectioning the received plates in accordance with

the methodslisted in Table 9. For instance, one of the sectioned plates were
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powdered by manual filg for XRD analysis XRD analysis was employed only for

the base met al using 2A / mimamwg@e, aarmsd ad®u
radiation. Another one was subjected to detailed metallographic investigation. Three
faces of the sectioned plate were examined. The plates, whiehauged by SAW,

GMAW, and HPAWwere segmented transverse to the weld direction. Theisedt

weldmentsvere examined under LOM and SEM.

All metallographic specimens were subjected to a preparation procedure, which
includes grinding and polishing. Small specimens were also mounted into Bakelite to

eliminate surface skewness.

Macro-etch exaninationsfor structural integrity purposesere doneby using 10%
Nital reagentafter grinding with wateresistant SiC papers, from 80 to 1000,. The
cross sections ahe weldments were examined to ensure that themo lack of

fusion, inclusion or parsity.

Micro-etch specimens were prepared by grinding with 1600 grade SiC paper and
polishing using 3 and 1 em Diamond coll o
Nital, to observe general structure, and with LaPera reagentéal rthe specific
morphobgies such asetained austenite. LaPera reagent created a contrast between
austenitic and ferritic phases under a lgptical microscope (LOM)No difference

in the microstructure wadetected by scanning electron microscope (SEHMus, t

had been tdd to observe any morphological differences oretated specimens by

backscattered imaging methods via SEM.

The grain size measurements were done in accordance with ASTM &3 1&sing

LOM and SEM. The elemental differences on different microstructural features at FZ
and HAZ were exained by energy dispersive spectroscopy (EDS), in accordance
with ASTM E1508[64].
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Posttest metallography was applied to ensure the accuracy of crack propagation
direction and its initial machining location. The specimens were sectioned after
CTOD experimentat temratures below the DBTT of X70My using dry ice or

liquid nitrogen. The fracture surfacesvealmost shiny surfaces, which is helpful for
determining the accurate crack sizes and revealing ampolmservable impurities
inside the broken surfaces. The cliwe surfaces were segmented for crack
measurements and fractographic evaluation. The schematic view of the sectioning

plan for posttest metallography can be seerigure43.

] : PTM view

2 23W 2 23W

—

Fractography

Figure 43. Schematic view of the specimen sectioning plan for further investigations.

Fractography was employed to reveal the microstructural reasons behind the
toughness variations. The metallograplpieeparation steps were grinding, with
di fferent grade Si C papers from 80 to
colloidal. Some specimens were etchlyd2%Nital to see different microstructural

constituents alonthefatigue precrack direction anthefracture surfaces.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Welding Process Optimization andProcedure Qualification

Crack propagation resistance of a welded material depends on integrity of the
weldment, as well as its microstructural condition. Welding process parameters play
a significant role in determining the integrity (soundness) of the joint. The first goal
of this study is to set near optimal settings for the welding process parameters in
HPAW, which had not employed before to weld thermomechanically rolled HSLA
steels. During the study, set of dimensional values of welding form and
discontinuities that are addised by an international standard were taken as the
reference of the sufficiently sound weld joint. Once ranges of the parameters that
yield sufficiently sound weld joints were determined, the parameters were then
optimized more precisely to get the besldvheat input, which would provide the

optimum microstructure in terms of fracture toughness.

The standard 1ISO 581B5] provides quality levels of imperfections in avelded

joints in steel, nickel and titanium alloys. Three quality levels, which are designated
by alphabetic codes B, C arid, are referred for tolerances of imperfection
geometries. These quality levels provide three sets of dimensional values from which
a selection can be made for a particular application. The choice of the quality level
for any application, on the one harshould take account of design considerations,

e.g. mode of stressing and other service conditions. On the other hand, productivity
factors are also considered, such as time and cost of the process, inspection, and

testing of the asvelded assembly, repaiasnd reworks.
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Table10. Limits for some imperfections according to ISO 5835 .

#

ISO 652061

Imperfection

Limits for imperfections for

quality level B

1. Surface imperfections

1.1 | 100 Crack Not permitted
1.2 | 104 Crater crack Not permitted
Lack of (incomplete) .
1.5 | 401 _ Not permitted
fusion
Incomplete root _
1.6 | 4021 _ Not permitted
penetration
1.7 | 5011 Undercut Not permitted
509 Sagging Not permitted
] Short imperfections:
Incompletely filled R
1.14| 511 hO Ot 05
groove
but max. 0,5 mm
2. Volumetric imperfections
2.1 | 100 Cracks Not permitted
Acceptance depends on type of
2.2 | 1001 Microcracks parent metal with particular
reference to crack sensitivity
do G, 2
_ but max. 3 mm
2.3 | 2011 Porosity R
do @, 2
but max. 3 mm
4011 Lack of side walfusion | Not permitted
515 4012 Lack of interrun fusion | Not permitted
' 4013 Lack of root fusion Not permitted
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Quality level B corresponds to the highest requirement on the finished weld.
Therefore the level B is generally addressed for the qualification of welding

procedures. Imperfections are quoted in terms of their actual dimensions (

Table10).

Linear or crater cracks, porosity, elongated cavities, wormholes, solid inclusions,
lack of (incomplete) fusion, lack of (incomplete) penetration, undercut, excess or
incomplete weld metal and overlap are considered to be typical weld imperfections
(Figure44). Their detection and evaluation may require the use of one or more NDT

methods.

Figure 44. Weld imperfection$hat were mostly observed during the work.

The welding parameters including weld bevel design had been adjusted based on the
experimental results. Before deciding the optimum parameters for each case, the wire
feeding speed, linear welding speed, powerresmonding heat input, weld bevel
configurations, the diameter of the plasma nozzle, gases and their flow rates were
controlled in accordance with EN 1002566], and the steel grade S235JR for

conformity.
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Figure 45. Examples of the lack of fusion problem in the preliminary welds done for

process optimization.

During singleside welding operations in the laboratory, the sciaité joint was
preferred for HPA and bewvegroove (bevel angle58) was preferred for GMA to be

able to place the notches properly in the CGHAZ of the CVN and CTOD specimens.
WFS was then calculated according to the volume to be filled. Under a constant
potential, arc length and WFS determine the arc current amplitudagh Ohm
relation. As WFS increases and arc length decreases, the current amplitude increases.
This vyields better sidevall and througkthickness penetrations. Heat inputs were
estimated to be 4and 10 kJ/mm for the HPAW and GMAW passes, respectively

Process optimization for doubstde welding was more challenging than that for

singlesi de wel di ng. Bevel angle and root face w
mm for joining of 16 mrrthick plates for both HPAW and SAW operations. The root

gapwak ept as 0.0 (+ 0.5) mm for SAW due to it
mm root gap provided the best root penetration for HPAW operations (Figure 15).

Heat inputs 1.78, 0.96 and 1.05 kJ/mm were recorded during SAW and HPAW

operations with two different e electrodes, respectively.
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In addition to NDT, macr@xamination, transverse (cresgld) tensile and bending

tests were carried out to check the soundness of the weldments. The imperfections
were recorded and also marked by digital imaging softwargelifections that were

not visible were revealed after bending and tensile tests. The weldments that satisfied
ISO 5817[65 Class B requirements were sectioned for hardnessjeldl tensile

and fracture toughness testsgure46).

a4
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Figure 46. Radiographies of some CTOD testing specimens.
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Transverse tensile test specimens, 16x20x200 (t x w x P) nwere tested to ensure

the structural integrity of weldments. Noperfections were detected on SL, HS and
HC coded 16mnthick weldments. The results also showed that the tensile strength
of the fusion zones is higher than that of the base metal. Moreover, the face bend
specimens, which have dimensions of 13x16x200 (t x kvmm?®), were tested to
reveal suksurface imperfections. There was no major defect in accordance with API
1104[51] although some suimm imperfections were found at the bevel walls of the

HL coded sample series.
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Recently, some noeoonventional parameter optimization methods have been
developed for welding applications. These methods are applied to optimize the input
parameters by considering multiple output variables simultaneously. They are
supplied by algorithmswhich can resolve the mathematical model and select the
optimum welding conditions over a wide search space by conducting relatively a
smaller number of experiments. Shao e{@I] presented a parameter optimization
method thatemployed a multbbjective particle swarm optimization (MOPSO)
algorithm to design reasonable values of gastah arc welding parameters and
sequences of Q345D-jbints. Saha et.al[68] utilized Taguchi's (L25) orthogonal
array to perdrm the trial runs, then a comparative methodology was followed in
between two multbbjective hybrid techniques TOPSECA (a technique for order
preference by similarity to the ideal solutierprincipal component analysis) and
TOPSISAHP (Analytical higarchy process). Cao et.dl69] developed another
hybrid methodology by combining radial basis function neural network (RBFNN)
and genetic algorithm (GA) to optimize external magnetic field supported Laser
welding parameters with respect to the weld bead appearance. Response surface
methodology (RSM)[70] andgrey relationabnalysis (GRA]71-74] have also been

used for such process optimizations.

HPAW is a keyhole based hybrid welding technique where two arcs melt the parent
metal and the filler metal simultaneously. Process variaflesr as arc current
amplitudes and potentials iné&t during the operation. Therefore, it is hard to
determine their individual effects on weld pool convections and parent to filler metal
dilution, consequently the macrostructure and microstructure of theeldsd
material.Nonetheless, the studies ab@amsider lean response parameters like weld
bead widthdepth of penetration, reinforcement and heat affected zone (HAZ) width.
Adapting a process optimization algorithm was experienced as complicated for such
a complex hybrid welding technique and presesponse parameter set. Since that, a
workmanship- and iteration- based methodology was followed to determine near

optimum process parameters where capabilities of the welding manipulator and the
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welding power supply unit, the diameter of the filleravdiameter and thickness of
the plates were constraints. Spiral welding during -pipee fabrication and
circumferential girth welding in construction field were referred for weld beveling
during laboratory works. Doub groove bevel is preferred in fabation since it
provides high geometrical tolerance to high power and high speed welding
operations, whereas narrayap welding is preferred for girth welding in
construction field where beveling and welding power can be controlled more

precisely.

HPAW process variables are listed below and their representations are given in
Figure4T:

- Weld bevel parameters;
- (Root) gap (spacing between the woegas to be joined) in mm, a,
- Root face (the face at the edge the workpiece without beveling) in mm, b
-Bevel angle in degrees, U, and
- Welding parameters;
- Plasma arc parameters;
- Standoff distance (between the plasma nozzle and the workpiece) in
mm, S,
- Arc current amplitude in A, Ip,
- Arc potential in V, Up,
- Gas metal arc parameters;
- Wire feeding speed in m/min, WFS, as independent variable, and
- Wire arc current amplitude in A, Ig, as a variable that depends on the
WES,
- Wire arc potenal in V, Ug, and

- Common parameters;
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- Level of magnetic shielding between the plasma and the wire arcs (a
relative quantity),

- Linear welding speed in mm/min, LWS.

() wrs

2a

Figure 47. Representation of process variables in HPAW.

Weld bevel parameters were set according to the conventional fabrication and
construction applications, and the bevel angles were set as straight as possible to let
the notches on the CTOD testing specimens cover the HAZ throughout the thickness.
Therefore he bevel angle was set t6for singleside welding of 12 mnthick plates

and to 18 for welding operations on 16 mthick plates from both sides.

The stanebff distance was set to B 4 mm in accordance with the previous
experiences on other materials. Plasma arc potential and wire arc current amplitude
are dependent variables that are controlled by the plasma arc current amplitude and

the stanebff distance, and the WFS and wire arc potential, respectively. WFS was
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set according to the groove volume to be filled up by filler wire at a specific LWS,
and LWS was set in accordance with the conventional use of SAW and GMAW.

Consequently, plasma arcroent amplitude and wire arc potential were studied as
independent and WFES, root gap and root face were examined as dependent process
variables in this present work. Three matrices were constructednahgzedduring

the process optimization effofble8).
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Figure 48. The depth of fusion (DOF) in mm with respect to LWS grathdl without

root gap.
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The first matrix waemployed for analysis of the correlation between the plasma arc
current and its fusing capability under a specific LWS, which was 500 mm/min for
singleside welding of 12 mathick plates and 700 mm/min for welding of 16 mm

thick plates from both sides. Thiepth of fusion with a sufficient sideall fusion

was assumed to be the response parameter of the process. The content of the matrix
was then analyzed, and it was concluded that depth of fusion did not significantly
change with plasma arc current ampl#s more than 170 AFi{gure 48). The
amplitudes more than 170 A were employed if higher heat inputs were required for

lower cooling rates and consequly better HAZ microstructure.

The plasma arc stability was then examined with respect to the root gap under
constant plasma current amplitude, 170 A, and LWS, 500 mm/min. As it can be seen
in Figure49 that, the wider root gap the deeper the fusion up to the root gapiof 1.5

1.6 mm. However, plasma arc was observed to become unstable with wider spacing

between the work pieces.

Once the bevel geomeds for the best arc stability, depth of fusion and filler
bridging capability were determined, WFS was examined to get sufficient wire arc
current amplitude with the optimum arc length under the optimum arc potential. It
was observed that magnetic shietd level, wire arc potential, and WFS were
indirect, arc length was direct effects on wire arc current amplitude if a specific LWS
and stanebff were applied. Magnetic shielding level affects stabilities of the plasma
and the wire arcs. However, its effeen current amplitude was not significant,
whereas wire arc length and WFS had the maximum effectiveness factor. Therefore,
WFS was set to 12 17 m/min for welding operations that provided arc current
amplitudes between 350 and 400 A.
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Figure 49. The depth of fusion (DOF) in mm with respect to the root gap, a, with
LWS of 500 mm/min.

The purpose of HPAW versus GMAW comparison was to investigate the effect of
secondary phases in ICCGHAZ on crack propagation resistarasenaided X70M

line pipe steels (Sectioh3.). Fracture toughness of thevaslded X70M, which was

free from IRCGHAZ and welded with moderate heat inputs in a single pass, had
never been investigated before. Employing HPAW in the present work, thickm
X70M plates could be joined in a single pass, in other words without reheating the
HAZ.

a(12+b)
=
N

—_—>o [—

Figure 50. Weld bead parameters in singlass HPA weldment and calculation of

the crosssectional area.
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GMAW is usually operated with LW®f 301 60 cm/min in partly mechanized
applications. Therefore, LWS was selected to be 50 cm/min for HPAW and 40
cm/min for GMAW operations in the laboratory. The cresstional area of the weld
bead was separated into the area of the groove openingnd the reinforcement,

A (Figure50) and the total area was calculated as 26.rvthen LWS was set to 50
cm/min, WFS was then calculated as 12 m/rfon 1.5 mm groove opening.
However, this WFS, even with short arc lengths, yielded arc current amplitude of
maximum 350 A, which was insufficient to get fpknetration joints. Therefore,
WFS was gradually increased until arc current reached to 400 Aulhnbnetration

was obtained.

After singleside and singlpass HPAW applications on 12 rimck plates, HPAW
parameters were optimized for joining of 16 rimck plates from both sides and one
pass at each side. The WFS was set to a parameter that pvouide sufficient

bridging and reinforcement in the weld section.

4.2. As-welded X70M

4.2.1. The Parent Metal

The banded structure was detected in SEM and optical micrographs eftipdahe
specimens of the parent metal. Detailed microstructural investigations showed that
there were morphological formations, namely acicular ferrite, polygonal ferrite,

globular kainite,and few pearliteRigure51 andFigure52).
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Figure 51. LOM micrograph of the base metal. (AF: acicular ferrite, PF: polygonal

ferrite, P: pearlite).

WD [EY] | h e — [0 {1133 R—]

\ HV | HFW " 50 ym :
8.0 mm 2000 x| 20.0 kV | 149 ym NETE-METU #3%| 8.0 mm| 10 000 x| 20.0 kv[29.8 ym METE-METU

Figure 52. SEM micrographs of the base metal. (AF: acicular ferrite, PF: polygonal
ferrite).

83



The ductileto-brittle transition behavior of the base metal had been investigated at

the target temperatures, which were chosen using the available DBTT data and real

service/design temperature. The testing temperatures b8ldw A C wsinge s
dry ice and Isopropyl alcohol. The impact toughness values of the parent metal

samples satisfied the API 5L requirements.
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Figure 53. Variation of the impact energy with temperature.

Parent metal CTOD tests were conductechgishe B2B specimens having the
crosssection di mensions of i7offtheseven badeinmetal.
specimens was found as 0.980 nuith 0.073 mm standard deviation at the testing
temperature that wad.0°C. All specimens presented-Mpe cuves, and they were

tested at a speed of 0.6 mm/min.
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4.2.2. Kinetics of Microstructural Alterations

Heat Transfer and Cooling Rate

Heat transfer is the basis of all heat included engineering applications. Almost all
material properties are changed acawgdo the distribution of existing heat. Heat is

introduced by the arc of the welding process to the material to be welded.

The heat transfer through the material might occur by conduction, convection, and
radiation. The heat energy, is transfertech material with molecular agitation by
conduction. The transfer rate varies according to the thermal conductivities of the
materials. Convection is a combination of fluid motion and conduction
simultaneously in which heat is transferred from a fluid (ligoidgas) to asolid
surface. The heat can be transferteg radiation, in theinfrared region, via

electromagnetic wave emission.

The aswelded microstructure is governed by cooling rate during solidification
process and subsequent eutectoid transformakios.cooling rate is directly related

to the heat transfer phenomenon, which can be analyzed with respectrt@ténal

and ttke process. Material specific factors would be heat transfer coefficient of the
material and its dimensions, whereas process specific factors dnegtiieg before
welding process, welding power, power density, arc transfer efficiency and linear
welding sged (LWS).

Heat transfer coefficient of the material mainly affects the thermal conductivity. The
cooling rate increases with higher heat transfer coefficients. The material can remove
the specifically induced heat quickly by convectioonductionand radiation due to

low thermal resistance. Dimensions of the material affect the cooling rate in terms of

two (2-D) versus three (®) dimensional figure54) . As mat erwitlal 06 s
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respect to the penetration detlereases, conductive heat flow through the material
shifts from 2D to 3D, and therefore the cooling rate increases. In laboratory
fabrications, two dimensional cooling regimesreveobserved in the singless
welded HL specimen and three dimensional cooling regimes were observed in all of

the multipass welded specimerfadure54).

<« -
<« ->

2-D Cooling Regime

e QW >
Yy

3-D Cooling Regime

5 mm

Figure 54. Two and threedimensional cooling regimes in HL and GL specimens.

Heat transfer coefficient variations dependent on material were eliminated using the
same steel sheets in laboratory fabrications. Onlyhilc&rtesses of the X70M plates
were different from each other. The-@#in thick GL weldment has-8imensional
cooling regimes compared to -b@n thick HL weldments. The singlgass HL
weldments cooled more slowly compered to GL as sedngure 54. The cooling

effect was revealed by measuring HAZ length and analyzing microstructural
constituents. The grain sizes in CGHAZ of the GL weldment are highethibse of

the HL weldments.
Assuming the power densities of conventional arc welding techniques are

comparable, welding power, arc transfer efficiency and linear welding speed (LWS)

are the parameters of heat input definition. Welding power is the protigatrent
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amplitude and potential of the welding arc. The shielding flux in powder form
guarantees the arc stability at high current amplitudes. Therefore relatively higher
current amplitudes and consequently higher welding powers can be employed during
SAW operations. The applied powers ard and 10 kJ/mm for HPAW (HL) and
GMAW (GL) operations respectively. Although the welding power in HPAW is
lower than GMAW, a deeper penetration was obtained due to the design of HPAW
technique, in which PA partiallynelted the side wall of the coupons. Therefore,
12mm penetration depth can be obtained in thehady based HPAW technique, by
introducinga heat of ¥4 kJ/mm in a singlgass. However, the same thickness could
not be filled by GMAW method due to its lower power density. The same situation is
also valid for SAW and HPAWOnN the one hand, meh welding technique, power
density of submerged arc is mostlso high. On the other hand, the flux used
generally causes weld pool convection from side to the weld center as in the weld
pool obtained by HPAW. Nevertheless, SAW utilize very high powérerefore,

depth of penetration by SAW is comparable to the patiehs that are obtained
during HPAW.

Not only welding power but also LWS determines the depth of penetration. The
combination of power and LWS yields the definition of line energy or nominal heat
input. Involving the arc transfer efficiency, the effeet(real) heat input can also be
calculated. The arc transfer efficiency of SAW is considered as unity since the arc
exists under a flux powder. Heat loss due to convective and radiative heat flow is
assumed to be negligible as compared to the open adingi¢echniques, such as
GMAW and HPAW.

The cooling rate is sensitive to the welding power, LWS, and corresponding heat
input. The coolingrate decreases as the heat input increases in each weldment
(Figure55d). The cooling rates in laboratory fabrication were assumed in accordance
with the measured and modelled behavior of welded X70 line pipe st€subly e | n é c u
et al. and Kou et a[.75, 76]. The assumed coolling rates stated that the joined SL,

HS and HC coupons with a linear welding speed.of 700 mm/min cause a strong
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decrease in cooling rates compared to HL and GL coupons. These two coupons were

joined with a speed of 400 and 500 mm/min. The strong decrease in cooling rate

increased the amouwf LBZs in HAZ. The relative M\ amount in twesided SL,

HS and HC weldments are directly matched with the literature data, proposed by Zhu

et al[77]. The cooling rate variations can be representedoyhe transformation

times bet ween 800 to 500 AC were almost 20 se

operations in the laboratory weldements.

The last procesbased effective factor is preeat which consists of pieeating

temperature and intgrass temperature. The optimum-peattemperature provides

good weldability and an optimum cooling rategure 55b). Inter-passtemperature

has an important effect on microstructural formations in FZ and CG HAZ, and the

final mechanical properties. For example, higher #ptss temperature causes an

increase in the Charpy-Notch toughness, due to finer microstructural constituen

and lower strength of the weld metal. The cooling rate is also affected
correspondingly to the chosen infgass temperatur@he cooling rate becomes too

l ow as it i1 ncreases. I n | aboratory wel dment g
the parent metacharacteristics. The phase transformations occur in the X70M steel

above 500AC and a decrease in cooling rate
microstructural evolutions. Therefore, controlled ifgass temperature, in a range of

200 and id %@ cads€ yariations in microstructure and corresponding

mechanical properties in welded specimens.
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Alloying

The effects of alloying elements on microstructural variations in parent metal are
briefly given in Table 2. Elements such as aviadium Titanium Niobium, and
Nitrogenlead alterations in microstructure and corresponding mechanical properties.
Small amount of vanadium, e.g. 0.1%, promoted second phase and MA formations,
and limited acicular and polygonal ferrite formations at lover heat inputs. Although
this cause a decrease in toughness efelded material, the effective HAZ grain
size is decreased by the existence of small amount of vanadium, thus the overall
mechanical properties of the material are not altered significantly. The effect of
Titanium o the microstructural constituents cannot be observed at small fractions,
e.g. 0.020.05%, and low heat input. The second phase and MA formations are
promoted by Silicon, in a range of 0.1 and 0.5%, Niobium and other secondary
phases. Nitrogen also leadsdecrease of the MA constituent at low heat input

applications.

The introduced effects of alloying elements were investigated in laboratory
weldments by LOM and SEM. Additional EDS mapping was employed during micro
elemental analysis under SEM. The di#ieces in chemical compositions of the
laboratory weldments are given frable 11. The grain size in awelded materials
decreases as the silicon contténcreases. The effect of other elements cannot be

visualized since the amounts of Ti, Nb and V were almost same.

4.2.3. Solidification Structure and Over-matching

The chemical composition results of the spectral analyses are givableil 1.
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Tablell. Major alloying element constituents in the parent anevakled metals.

Bolds refer to the maximum permissible values.

wt% C Si Mn P S Cr Ni Mo Ti Nb V

X70M _St,< .12 45 1.70 .025 .015 .50 .50 .50 15
Lab .04 .27 163 .006 .001 .17 .10 .12 .02 .06 .06
F8A2- Std .05 .40 1.40 .030 .030 50

EA2-A4 Lab .05 .37 1.38 .020 .006 .08 .04 .35 .01 .02 .02

ER70S6 Stk .07 .95 1.68 .025 .035 .15 .15 .15
Lab .08 .90 151 .014 .014 .07 .02 .01 .01 .02 .01
E70C- Std .04 .63 1.25 .030 .030 .20 .50 .30 .08
6M Lab .04 .63 1.25 .010 .010 .07 .35 .08 .01 .02 .01

The effects of elements on weldability and final microstructure were visualized.
Consisting relatively higher amounts of Si and C in HS weldment, acicular ferrite
formation was observed to be promoted. The HC weldments have better weldability
compared tohte HS weldments due to thelatively high amount of Ni. Niobium, in

SL weldments, advocated ferritic morphologies more than HPA weldments. Almost
all ferrite stabilizer elements increased the toughness of the line pipe steel. Therefore,
the spectral anatys results supported that all consumables had yielded different
microstructural and mechanical characteristidgcrostructure of the parent metal

and microstructuralariations in fusion zone of agelded material are represented in

three dimensional miographs Figure56).
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Figure 56. Three dimensional micrographs of a) parent metal and wWelded

metal (fusion zone).

The alloying elements caused some inclusions during welding operations and their
distribution directly affects the morphological and mechanical variatiortanitim-
Vanadiumi Niobium precipitates lead the formation of fine austenite grains in
CGHAZ. One 6 the HPA weldments includes some inclusions through the FL and
the detailed analysis revealed the elemental distributiéigsire 57). Low Siicon,
Vanadium Niobium and Ttanium and high Mmnganaseconcentrations were

observed in inclusions.
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kV: 20.00 Mag: 5000x
Figure 57. Elemental distributions through the FL of HS weldment.

The weldments, which were examined in terms of integrity satgfied 1ISO 5817

Class B requirements, were subjected to tests to determine their hardness and
strength properties. Hardness measurements were conducted by mane and
macrcehardnessindentation instrumentsCSM NHT naneindenter, Schimadzu
univeral microindenter and Schimadzu HM2O hardness measurement
instruments respectivelyThe hardness variationsn HV10 scale,of HS and HC

weldments are giveim Figure58.

280 273 266 269 252 246 239 232 225 218 211

Figure 58. The macreetched samples of a) HS and b) HC with hardness variations.
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Nancindentationmeasurements were carried out on the following specimens: FL
aralysis on the hardness specimens of HL, HAZ analysis on the hardness specimens
of HC, and base metal phase analysis on the microstructure evaluation sample of the
asreceived API 5L X70M platesThe naneindentation results will be discussed in

Section 4.5
The strength of the materials were investigated by tensile test. The tensile test results

are provided ifTable12. The mechanical properties of 8leldments in fusion zone

have the highest compatibility with parent metal.

Tablel12 Tensile test results of sets of specimens.

Material / Filler
X70M X70M X70M
X70M
ER70S6 E70C-6M F8A2-EA2-A4
) GMAW
Welding Method BM HPAW SAW
HPAW
E (GPa) 205 205 210 203
Rp0.2 (MPa) 582 619 657 603
Rm (MPa) 662 703 729 681
At (%) 21 18 17 22
RA(%) 63 43 26 42

The highest fusion zone strength was obtained by the filler wire, BRQC
However, increasing difference between the parent metal and the filler wire caused
strong overmatching in terms of strength ahdttility. Therefore, larger hardness
variations andower toughness was obtained in HC weldment relatiy8kgction

4.5.)
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4.2.4. The Heat Affected Zone (HAZ)

HAZ microstructure consists of different morphologies depending upon the welding
technique, i.e. mukpass GMAW, singlgass HPAW, and mulpass HPAV. Some
regions are given ifigure60. The morphology varies due to the heat input and the

cooling rate, which are also supported in sectib8s4.4. and4.5.

The high heat input caused grain coarsening and HAZ expansion through the base
metal. For instance, the heat input of 2.5 kJ/mmntsoducedduring line pipe
fabrications, in the field SA weldments, and the mechanical test results reveal that
the average CTOD values of HAZ of the girth welds are lower than 0.2 mm. The
following investigations show that high heat input possessed the formation of
weakest points, i.e. very coarsened grains and MA formations at the grain
boundaries. In other words, the coarsened grains lead to additional phase formations,
i.e. upper bainite and MA islands and mechanical property variations in CGHAZ.
The toughness of fugidine / HAZ specimens decreased due to the grain coarsening.
The micrographs of laboratergnd fieldweldments, by SAW, are given Figure

59. Themajor difference between SF and SL weldments are the formation of MA at

grain boundaries, brighter regions, in CG HAZ.
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Figure 59. CG HAZ micrographs of different SA weldments. a) SL and b) SF.

The regional analysis accordingttee shape of morphologi®@gsdone in laboratory
weldments. The regions iRigure 60 were only observed in mulpass weldments.
The fractions of rdneated HAZ are higher in 12 mthick GMA weldmentghan 16
mmtthick HPA and SA weldmentsThey include CGHAZ, FGHAZ,ICHAZ,
IRCGHAZ, SRCGHAZ, and their tempered formations in HAZe identifications

of the formations were completed by LOM and SEWNhe morologies and
corresponding regions in HAZ were recordedé¢ousedn a part of mechanical tests,
such as prerack location verification for CVN and CTOD specimens. The marked
regions, in IRCGHAZ and CGHAZ, were also used for determining the weakest

points along thesinglebevelgroove weld.
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Figure 60. HAZ microstructure in mulpass weldmen{s81].

The morphological features were analyzed to find regions, which have detrimental
effects on mechaoal properties of the material. CGHAjénerallyincluded weakest
microstructural formations. For example, local brittle zomesre identifiedin
IRCGHAZ by the help ohancindentationexperiments, corresponding results are
given in Sectiom.5. These reginsare formedn the multipass weldments due to

the secondary heat treatment. The second pass caused MA formatREGIHAZ,

and the morphologies decreased the material toughness. The effect of the
morphologies within IRCGHAZ and CGHAZre explainedh Section4.5.

Hence, grains are coarsened witliAZ, and relevant toughness decreases. Line

energy variations also affect the cooling rate. If the line energy is too high at specific
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locations, the weakest points, local hardened and softened zon&snaed due to
cooling rate variations. The hardness within high energy induced regsons
decreased because of lower cooling rates. To illustrate, the hardness variations,
decrease in the region, FZAZ transition, of SL weldment is relatively higher

compaed to HS and HC weldments.

The microstructure of the parent metal was observed to be altered after welding
operations. Applied heat causedcampletechange in the microstructure of the
fusion line and a part of HAZ, where the material was subjectednpdratures
higher than Ag It was also observed that the grain size increased franf8 Om t o
3540 Om, a FigueBlown i n

WD | mag | HV | HFW — T
6.4 mm | 2500 x| 20.0 kV | 119 ym METE-METU

Figure 61. Representative micrographs of the CGHAZ of the SL specimen.

The various morphologies exist in the microstructure after welding, e.g. MA islands
with different amounts in the CG HAZ of laboratory weldments. The differences can

be noticedn the micrographs of GL and HL weldmenidure63).
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Moreover, the width of the HAZ decreased due to the optimized welding parameters

in the order of SAGMA and HPA welding techniques. The shortest HAZ width was
obtained by HPAW due to the lowest heat input and advantage ofarayBA, and

GMA. Moreover, these differences caused a decrease in the average grain size at
CGHAZ and IRCGHAZ. The smallest ajns, with an averagesize3 0 Om, had
procured after keyole based HPAW. The other weldments produced by SA and

GMA have average grain sizes of 35 Om an:i

4.3. Single vs. Multi-pass Welding

12 mmthick coupons were welded imglle- and multipass methods by HPAW and
GMAW respectively Figure62). Same filler wire, SFA/AWS A5.18 ER76& was

used. The effect of muipass welding was investigated by the help of
microstructural evaluations and mechanical teBie macro view of the specimens
shows that the aspect ratio of each weldment is different. HPA weldment has higher
aspect ratio than GMA weldment. The calculatedosatire almost 0.5 and 1.4 for
HPAW and GMAW respectivelyHigure62).

5 mm

Figure 62. Typical pass sequeneaed relating macreetch samplesf GL and HL

weldments.
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