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ABSTRACT

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

Erol, Eren
Master of Science, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. C. Hakan Gur
Co-Supervisor: Dr. Koray Yurtisik

December 2019, 112 pages

High strength low alloy steels are widely used in line pipe applications since they have
reasonably high strength and toughness due to their micro-alloying elements and
production via thermomechanically controlled process. During welding of these
steels, microstructures of the fusion zone and the heat affected zone consisting
globular and acicular ferrite alter due to induced heat and thermal cycles.
Consequently, changes in the microstructure affects the mechanical properties such as
fracture toughness. Gas metal arc welding used in line pipe applications has several
advantages such as high quality welds in short time, simplicity, no extra flux is needed,
and no slag. The primary aim of this work to understand the effects of heat input and
number of thermal cycles in gas metal arc welding on the fracture toughness of API
5L X70M steel. Effects of heat input and thermal cycles originating from weld passes
on formation of local brittle zones and effect of local brittle zones on general fracture
mechanism were investigated. Particular emphasis has been placed on the coarse

grained heat affected zone.



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

Microstructure, Crack Tip Opening Displacement
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Oz

ISI GIRDISI VE ISIL DONGULERIN GAZ ALTI KAYNAK Y(")NTEHMi iLE
KAYNAKLANMIS API 5L X70M CELIGININ KIRILMA TOKLUGUNA
ETKIiSi

Erol, Eren
Yuksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Damismani: Prof. Dr. C. Hakan Glr
Ortak Tez Danismani: Dr. Ogr. Uyesi Koray Yurtisik

Aralik 2019, 112 sayfa

Yiksek dayanglh diisiik alasimli gelikler, i¢erdikleri mikro alasim elementleri ve
termomekanik haddeleme dretim metodunun sonucu olarak oldukcga iyi mukavemet
ve tokluga sahiptir. Mekanik 6zelliklerindeki avantajlar nedeniyle boru hatlarinda
kullanimlar1 oldukca fazladir. Borularin kaynaklanmasi sirasinda 1s1 girdisi ve 1sil
donguler etkisiyle malzemede olusan ergime bolgesinin ve 1sidan etkilenen bolgenin
mikroyapilar1 degismekte ve bu durum malzemenin kirilma toklugu gibi bircok
ozelligini etkilemektedir. Gazalt1 kaynak yontemi kisa zamand nispeten kaliteli bir
kaynak elde edilmesi, basit olmasi ve bir ciiruf olusturucuya ve ciiruf temizlemeye
ihtiyag olmamasi gibi avantajlara sahiptir. Bu ¢alismada kaynaklanmig API 5L X70M
boru hatti ¢eliklerinin kirilma toklugu davranisi incelenmistir. Uygulanan kaynak paso
sayisina dayanan 1s1 girdisi ve 1s1l dongiilerin yerel gevrek bolge olusumuna ve kirilma
davranig1 iizerine etkileri arastirilmistir. Caligsmalarda Ozellikle iri taneli 1sidan

etkilenen bolgeye odaklanilmustir.

Anahtar Kelimeler: Gaz Metal Ark Kaynagi, Is1 Girdisi, Yiiksek Dayangli Diisiik
Alasimli Celik, I¢yapi, Catlak Ucu Acilim Deplasmani Deneyi
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Energy is essential and has a great importance for human well-being. It is a key factor
for national economies and it is important to establish dominance on energy resources
since it is indispensable for industry and daily life. Clean and renewable energy
demand increases more and more. Despite the fact that there are many researches and
developments in renewable energy sources, it is inevitable to use fossil fuels. The
transportation of these fossil fuels is advancing and getting easier with understanding
the materials and the techniques used in manufacturing and developments in
equipment. When economy and safety concerns are taken into account, pipelines are

the best way for fossil fuel transportation.

The construction of the pipelines requires the joining of the line pipes with girth
welding, i.e. circumferential welding. Seamless or spiral and line welded pipes can be
used and different welding methods can be employed. The construction of the
pipelines needs engineering of welding and it is a meticulous process. During
structural integrity assessments of pipelines, welding joints deserve a special concern
due to non-uniform nature of the process. A strong mismatch exists between the base
metal, weld metal and the fusion zone. Strength and the fracture toughness parameters
of the joints give the necessary data for engineering critical assessment (ECA), a

method of structural integrity assessment.



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

repair rates and quite high production rates have been achieved.

Trans-Anatolian Natural Gas Pipeline Project (TANAP) which launched in mid-2018
delivers natural gas developed from Azerbaijan Shah Deniz-2 Stage to Turkey and
Europe. With its 1850 km of length, TANAP is one of the biggest pipeline projects
which constructed under one management agent. Welding Technology and Non-
destructive Testing Research / Application Center in Middle East Technical
University has contributed to this project in terms of mechanical and microstructural
characterization of pre-construction and construction weldments significantly. For
instance fracture toughness determination tests have been conducted on more than
1300 SENB and SENT specimens. Conventional mechanical tests such as hardness,

tensile and Charpy impact toughness tests have conducted as well.

Combining fracture mechanics analyses with microstructural evaluations is a
challenging task. Since the inter-critically reheated coarse grain heat affected zone
(IRCGHAZ) in an as-welded high strength low alloy (HSLA) steel presents the worst
behavior in terms of toughness, microstructural alteration during welding thermal

cycles and consequent effects on toughness is very critical.



1.2. Scope

Micro-alloyed or HSLA steel API 5L X70M one of the most widely used steels in
pipeline applications, such as TANAP. It has relatively high properties and it is more
favorable than other high strength low alloy steels such as X80 and X90 when the
production costs are taken into account. The steel’s superior properties come from its
constituents, in very small amounts micro-alloying elements, and fabrication method,
thermomechanically controlled processing. The micro-alloying elements favors
acicular and polygonal ferrite formation and yield higher toughness values compared
with carbon steels. By using proper welding techniques and procedures, deteriorating
effects of welding on mechanical properties and microstructure are tried to be

minimized.

Heating and cooling sequences, namely thermal cycles, during multi-pass welding,
form different regions in base metal and fusion zone. In intercritically reheated coarse
grained heat affected zone (IRCGHAZ), formed after reheating the coarse grained heat
affected zone (CGHAZ) to austenite/ferrite two phase region by a following thermal
cycle, destructive effects of welding can be seen clearly. IRCGHAZ has lower

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

In the scope of this thesis, LBZs, martensite-austenite (M-A) constituents including
high carbon content and retained austenite, which decrease the toughness of the HAZ
significantly and gives the lowest toughness values were examined. M-A formation
which are correlated with prior austenite grains (PAG) and PAG size, M-A
transformation and its Carbon content, formation types, and the size of M-A
constituents was studied in HSLA steel API 5L X70M with respect to weld heat input
and cooling rates with the aid of fracture toughness parameter, CTOD (), with single
edge notched bend specimens.






CHAPTER 2

THEORY

2.1. General

This is composed of five sections. First, the properties of APl 5L X70M steel, its
properties and its manufacturing method are given. Secondly, a brief information
about girth welding of line pipes is given. Thirdly, welding metallurgy of HSLA steel
is described in detail. Fourthly, fitness-for-service analysis of line pipe is discussed
briefly. Lastly, the main concern of this thesis, fracture mechanics is described in
detail in accordance with the current welding codes and standards and in historical

perspective as well.

2.2. Parent Material

Pipelines are the most common and widely used transfer method for the fossil energy
sources. Different line pipe materials are produced in diverse methods and according
to different standards such as API, ASME and ISO. In steel pipe industry, API
standards are the most commonly used one and API specification 5L [API 5L] which
specifies the requirements for production of seamless and welded steel pipes for use
in oil and gas industries is the most popular one in this industry. This specification has
a wide range of line pipe steel grades with two different kind of product specification
level (PSL), namely PSL-1 and PSL-2.

PSL-1 and PSL-2 pipes are differ mainly in terms of chemical properties, mechanical
properties and delivery condition. PSL-1 limits the C, S, P contents of the steels



differently with respect to the grades while PSL-2 gives maximum values of these
elements same in every grade. For PSL-1 steels, it is sufficient to meet minimum
requirements whereas PSL-2 limits the yield and ultimate tensile strength of the pipes.
Furthermore, PSL-1 pipes can be delivered with belled-end, threaded-end and plain-
end however PSL-2 pipes can only be delivered with plain-end condition.

The steel grades in PSL 1 are designated by letters or alphanumeric characters, the
steel grade is the same with the pipe grade and designation, which associated with
steel’s chemical composition, indicates the strength level of the steel. In addition to
these PSL 2 pipes designation includes a single letter suffix depends on the delivery
condition. The digits following the L and M letters indicates the specified minimum
yield strength in MPa and ksi -which rounded down to the nearest integer-
respectively. In PSL 2 type steels, suffices indicates delivery conditions and R means
as-rolled, N means normalized, Q means quenched, and M means thermomechanically

rolled.

In oil and natural gas transportation, APl 5L X42, X52 and X60 (PSL 1) steels are
commonly used. Since in pipelines higher strengths are required, API 5L X70M (PSL
2) is widely used with its advantages coming from thermomechanical processing, its

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

X70M grade steel should have min. 70 ksi (485 MPa) yield strength and
thermomechanically formed. The mechanical properties and chemical composition

specified by the standard are given in Table 2.1 and Table 2.1 [1].



Table 2.1. Mechanical properties of API 5L X70M grade pipeline steels [2]

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

Table 2.2. Chemical composition limitations of APl 5L X70M grade pipeline [2]

Steel Grade Maximum Mass Fraction (wt.%) Max. Carbon
Equivalent
C Si [Mn| P S |V|Nb| Ti |Other | CEIIW |CEPcm

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

b Cu <0,50 %; Ni<0,50 %; Cr<0,50% and Mo <0, 50 %.
c B <0,001%.

Although increasing the carbon content of the steels increases the strength and the
hardness, it deteriorates the some other properties such as fracture toughness and
weldability. Microalloyed steels, or high-strength low-alloy (HSLA) steels, have been
developed to provide better properties (e.g., mechanical and atmospheric corrosion
resistance) than conventional carbon steels. HSLA steels have yield strength greater
than 275 MPa and they have low C content (0.05% to 0.025%) to optimize formability
and weldability, and they have Mn content up to 2.0% [3] .

Microalloying basically increases the strength of the steel via grain refining and
precipitation strengthening by adding small amounts of alloying elements, mainly
vanadium, niobium, and titanium as well as some other elements such as molybdenum,
copper, boron, zirconium, and nitrogen. Table 2.3 summarizes the review of
Vervynckt et al.[4] shows the effects of frequently used microalloying elements. V,

Nb, and Ti are very effective when they used as microalloying elements in ferrite-



pearlite steels and have different strengthening mechanisms. Coarse titanium nitrides
formed in microalloyed steels are stable at high temperatures and this gives control of
the austenite grain size at elevated temperatures such as pre-hot working and welding
processes. Low-temperature carbide and carbosulfide precipitates of Ti strengthen the
material. The most important role of Niobium in steel is the austenite conditioning by
controlling the austenite defect amount which could be possible nucleation sites for
ferrite during transformation. It also helps grain refinement by retarding
recrystallization of austenite with its carbides and nitrides which are dissolved in
austenite at elevated temperatures. Furthermore, the precipitation of Nb(C, N) in
ferrite increases the strength around 90 MPa. Although Nb is a ferrite stabilizer, it
unexpectedly retards austenite to ferrite transformation even at very low Nb
concentrations by exerting a solute drag on the phase boundary. Vanadium does not
form precipitates in austenite and it joins precipitation hardening during and after the
austenite to ferrite transformation. Depending on the rolling plan and chemical
composition, precipitation of Vanadium carbides and nitrides can lead to remarkable
strength increases [4]. Unless ferrite or pearlite structures are desired, to enhance the
hardenability, Mo is added to hot worked HSLA steels. Despite Mo retards bainite
growth with a solute drag concept, its retardation effect on pearlite and ferrite
formation is more dominant. Additions of before mentioned alloying elements in very
small amounts increases the strength of the standard carbon steels without any further
processes by increasing the complete recrystallization temperature and retard austenite
recrystallization. Moreover, their precipitation particles inhibit the grain growth of
austenite, which will be transformed to ferrite, by solute drag and pinning effects and
results in finer microstructure. This gives the opportunity to increase the weldability
and toughness of the steel by decreasing carbon content without decreasing the
strength [3].



Table 2.3. Alloying elements frequently used in HSLA steels [4]

Element | Amount in HSLA/Wt% Influence

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

Mn 0.5-2 -Mild solid solution strengthener
-Decreases ductile to brittle transition
temperature

S; 0.1-0.5 -Dec_)X|d|ser_|n molten steel
-Solid solution strengthener
-Deoxidiser

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

N N

Nb 0.02-0.06 [ b(.C’ .)]
-Grain size control
-Delays y to o transformation

Ti 0-0.06 -Grain size (.:ontrol (TiN formation)
-Strong ferrite strengthener

\ 0-0.1 -Strong ferrite strengthener (VN)

N <0.012 -Forms TiN, VN and AIN

Mo 0-0.3 -Promotes bainite formation

Ni 0-0.5 -Increases fracture toughness

cu 0-0.55 -Improves corrosion resistance
-Ferrite strengthener

Cr 0-1.95 -Im_proves atmospher_lc corrosion
resistance (when Cu is also added)

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



Thermomechanical Controlled Process (TMCP) was born in a need of an alternative
way to obtain finer grain sizes to increase both strength and toughness apart from
traditional heat treatment processes. As indicated by Llewellyn [5], in the late 1950s,
to increase the impact properties micro-alloyed steels, the normalizing process is
applied, however, while this goal is achieved, the strength advantage of the micro-
alloyed steel was lost. It is first developed in Japan in the 1980s, adopting lower
finishing temperatures than normal finishing temperatures to obtain finer
microstructure and better mechanical properties became known as controlled rolling
and it evolves to the term thermomechanical processing with time to cover both hot-
rolling and accelerated-cooling stages during the course of operation.

As a two-stage process, when TMCP (Figure 2.1) is compared with traditional hot
working operations a time delay between roughing and finishing draws the attention.
The time delay enables one to carry out the finishing operations at temperatures below
recrystallization temperature. This results in the formation of pancaked austenite
grains and transformation to a fine-grained acicular ferrite structure. Addition of
carbide forming elements, which are discussed before, remarkably facilitate the
process. Particularly, it was shown that the addition of about 0.05% Nb causes a
marked retardation in recrystallization allowing controlled rolling at significantly

higher temperatures [5].

The uniform and very fine acicular ferrite microstructure in TMCP steels yields higher
strength and better toughness. Furthermore, TMCP process facilitates lower
hardenability, TMCP steels can be used in welding applications where extra high heat
input is required and as stated by Kikuta et al. it improves weld cold cracking
resistance, especially in the rolling direction [6]. Cuddy reported that to obtain a fine
acicular ferritic microstructure in HSLA steels, austenite grains should be flattened

and elongated by increasing deformations at lower finishing temperatures [7].
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Normal cooling
Accelerated cooling £

400

Figure 2.1. Schematic representation of rolling schedules of traditional rolling and normalizing
(upper) and thermomechanical processing (lower) [5]

Microalloying increases the strength of the steels significantly through grain
refinement and precipitation hardening by adding small amounts of alloying elements.
With microalloying and different processing methods, different microstructures are
formed such as polygonal ferrite (PF), quasi — polygonal ferrite (QP) or massive

ferrite, bainitic or acicular ferrite (BF, AF), granular ferrite (GF) and granular bainite

(GB) [8].
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Microstructural definitions on APl X70M PSL2 is done according to the definitions
by Araki et al.[9] and Krauss and Thompson [8] in the light optical microscope and
scanning electron microscope in Figure 2.2 and Figure 2.3. PFs are the
microstructures which are formed at higher temperatures and slower cooling rates and
grows into equiaxed grains. On the other hand, AF is the finer ferritic microstructure

which is transformed from austenite in the intermediate temperature ranges [8].

Figure 2.2. Light Optical Microscopy (LOM) micrograph of the APl X70M steel. (AF: acicular
ferrite, PF: polygonal ferrite, P: pearlite). 1500X [8]
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WD mag HV HFW 50 ym
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Figure 2.3. Scanning Electron Microscope (SEM) micrograph of the base metal. (AF: acicular ferrite,
PF: polygonal ferrite). [8]

Lan et al. have worked on effects of different microstructures on mechanical properties
of API X70 steel. When high finish rolling and cooling stop temperatures are applied,
microstructures are mainly composed of QF with P and little AF, stated as A and B.
On the other hand, lower finish rolling and cooling stop temperatures yield AF as
major microstructural constituent together with GF and QF namely C and D. SEM
micrographs of these steels are given in the Figure 2.4. Tensile tests and Charpy V-

notch impact toughness tests between -10 and -60°C were performed. Results of these

tests are summarized in Table 2.4[10].

13



Table 2.4. Tensile Properties and Impact Absorbed Energies of Different Microstructured AP1 X70

Steels [9]
Yield Tensile . Yield | Absorbed Energy (J)
Steel Strength | Strength Elongation Ratio

(MPa) (MPa) (%) (%) -10°C | -40°C | -60°C
A 485 595 23 0.82 75 55 47
B 490 600 20 0.82 77 65 40
C 545 670 25 0.81 | 135 145 130
D 580 700 20 0.83 | 147 160 14

Figure 2.4. SEM Micrographs of APl X70 Steel produced with Different Rolling Process Routes. (a)
Steel A, (b) Steel B, (c) Steel C, (d) Steel D [9]

Zhao and Palmiere stated that acicular ferrite fraction increases with reduced prior

austenite size to some extent, and reducing the austenite grain size refines the

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

transformed microstructure [11].

2.3. Girth Welding of Line Pipes

For girth welding, arc fusion welding techniques are used. In the mainline pipes, it is
done automatically with GMAW technique. For the tie-ins manually GTAW and
SMAW techniques and semi-automatically gas-shielded FCAW and MCAW
techniques are used.

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

electrical resistance, gas or plasma.

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

starts to cool down immediately. Figure 2.5 shows the distributions of temperature in

a welding process. While temperature may exceed 1500°C in the center of the weld

pool, it drops to 500-600°C in 3-4 mm after the torch has passed.
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Figure 2.5. Temperature distribution in a welding process [11]

As it is mentioned before, fusion welding can be done with or without filler material.
Methods using filler material must be designed carefully with respect to the base metal
and the desired microstructure since it can alter the chemical composition of the base
metal and consequently the microstructure of the Fusion Zone and Heat Affected
Zone. Without a filler material, the main concern is thermal cycles which base metal
is experienced. The effect of these thermal cycles on the microstructure of the
materials changes with the distance from the Fusion Zone, Heat Input and the heat

transfer characteristics of the materials.

Arc welding is one of the fusion welding techniques which uses the heat of an electric
arc forming between the base metal and electrode to melt and join materials. Different
electrodes are used in arc welding as consumable and non-consumable ones.
Consumable electrodes melt and fill the gap between the metals. Therefore, the
chemistry of the electrodes should be complemental or compatible with base metal

since they become a part of the weld itself. Non — consumable electrodes do not melt
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during welding except the very tip of the electrode. They are made of carbon or high
melting point metals, alloys or combination of these with oxides such as pure tungsten,

tungsten with 1% thorium, and tungsten with a 0.3-0.5% zirconium.

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

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

American codes are given. European standards have numerical designations in

addition to alphabetical representation.

Table 2.5. Arc welding methods

AWS /| ASME EN/1SO
. i Manual Metal Arc Welding
Shielded Metal Arc Welding (SMAW) (MMA), 111
. Submerged Arc Welding
Submerged Arc Welding (SAW) (SAW), 12
Metal-Arc Inert/Active Gas
Gas Metal Arc Welding (GMAW) Welding (MIG/MAG),
131/135

Flux Cored Wire Metal Arc
Welding (FCAW), 114
Tungsten Inert Gas Welding
(TIG), 14

Flux Cored Arc Welding (FCAW)

Gas Tungsten Arc Welding (GTAW)
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Shielded metal arc welding (SMAW), also called manual arc welding (MMA), is one
of the earliest manual arc welding processes in which consumable coated metal
electrodes are used. Consumable metal electrode core is covered with mixtures of
substances such as chemicals and minerals. Once the arc is generated, the arc heat
melts the core and the flux, thus a protective shield gas environment is formed by
ionization of the gas at molten state. The flux is also prevents atmospheric
contamination during solidification by forming a slag on the weld metal. Schematic

representation of the technique is given in Figure 2.6.

Direction of travel Electrode flux

_’
Electrode
Arc column
OR
Arc plasma
Solidified slag

Shielding gases

Weld metal !y

Parent metal

Figure 2.6. Schematic representation of SMAW technique[12]

Gas metal arc welding (GMAW), is also named as metal inert gas (MIG) welding
when the shielding gas is inert or metal active gas (MAG) welding when the gas
contains an active gas can be seen in Figure 2.7 representatively. An electric arc is
created between the workpiece and automatically fed wire and the weld zone, FZ and
HAZ, is protected by supplying a gas or gas mixture via a gas nozzle. The gas mixture

is determined specifically to the material and the type of metal transfer mode.
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Normally, for welding of aluminum, copper, magnesium inert gases/gas mixtures are
used such as pure argon or argon helium mixtures. In welding of low carbon and mild
steels, argon with CO2 (5-20%) and sometimes some Oz gas mixtures are the most
popular ones. Argon is also used for stainless steels with the addition of small amounts
(1-3%) of CO2 or Oa.

Flow meter Regulator
(@) ~nd
Wire - /
Wire drive reel \‘
& control Wi
. ire
c\j\i!‘r?elgtli%% Gun electrode
-
/—\j o) (O /
orkpiece Power j| Shielding
Cable 1| Source as
. 3 | cylinder
Cable 2
Wire electrode
. . @fj4—
Sh@ldégg Contact tube
(b)
o Cable 1
Shle;célng /«— Shielding gas
9 nozzle

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

7 /
Base metal Weld pool

Figure 2.7. Gas—metal arc welding: (a) overall process; (b) welding area enlarged [13]
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The gas mixture is determined specifically to the material and the type of metal
transfer mode. Normally, for welding of nonferrous metals such as aluminum, copper,
magnesium inert gases/gas mixtures are used such as pure argon, helium or their
mixtures. Since Ar has lower thermal conductivity, the arc energy is less uniformly
dispersed in an Ar arc than a He arc. As a result, Ar arc plasma has higher energy than
He in the core and an outer mantle of lesser energy. This leads to a more stable, axial
transfer of metal droplets through arc plasma. In welding of ferrous metals, pure He
shielding may produce spatter and pure Ar shielding may cause undercutting at the
FL. Argon with CO; (5-20%) and sometimes some O, gas mixtures are the most
popular ones to overcome these problems. Argon is also used for stainless steels with
the addition of small amounts (1-3%) of CO, or O.. Generally, CO> is used as a
shielding gas in carbon and low-alloy steels because of its advantages on welding
speed, penetration, and cost. When CO; is used as a shielding gas, it produces a high
level of spatter, the electrode tip is actually below the base metal surface because a

relatively low voltage is used to minimize spatter [13].

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

e Globular transfer: Under the influence of gravity, discrete metal drops
generally larger than the electrode diameter move across the arc gap. It
produces spatter and it is not smooth generally. Figure 2.8a shows the globular
transfer mode

e Spray transfer: Under the influence of electromagnetic forces, small
discrete metal drops move across the arc gap at a higher frequency than
globular transfer. It does not produce much spatter and metal transfer is much
more stable than the globular mode. Figure 2.8b shows the spray transfer
mode.

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

is done when short-circuiting occurs i.e. when it touches to the weld pool
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surface. The created weld pool is small and fast — freezing and therefore it is

desirable to use it in the welding of thin sections.

Figure 2.8. Metal transfer during GMAW of steel with Ar-2% O2 shielding: (a) globular transfer at
180A and 29V shown at every 3 x10-3 s; (b) spray transfer at 320A and 29V shown at every 2.5 x10-
4 s. Reprinted from Jones et al.[15]. Courtesy of American Welding Society

Flux-cored arc welding (FCAW), the schematic view can be seen in Figure 2.9, has
similarities with GMAW. However, as the name implies, flux cored electrodes are
used in FCAW rather than solids. The electrodes are in tubular structure with flux
inside. These electrodes can be used with external shielding gases or they are self-
shielded itself. In self-shielded electrodes, the flux decomposes and vaporizes in the
arc and produce a shielding gas environment to protect the FZ and HAZ from
atmospheric gases. An extensive slag coverage is obtained during welding and this
slag slows down the cooling of the weld. However, this requires the removal of the
slag after welding via a hammer or wire brush between the passes to keep the weld

free from inclusions. Pre-heating of these self-shielding flux-cored electrodes
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increases burn-off efficiency and deposit rate; and decreases penetration depth. These
electrodes simplifies the welding operation since additional equipment such as big
welding guns and shielding gas tubes are eliminated.
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Figure 2.9. Schematic view of flux-cored arc welding (FCAW) (a) overall process (b) welding area
enlarged

There are some disadvantages of self-shielding electrodes used in FCAW method.
Precautions should be taken to a large amount of fumes which may affect the human
health produced during welding. Self-shielding electrodes have detrimental effects on
weld metal due to their contents which denitrifies and deoxidize the weld metal. For

instance, even though it neutralizes the undesired effect of oxygen in the arc zone,
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primary element aluminum inside the core lowers impact toughness and ductility of
the weld metal in FZ. To overcome these effects, external shielding gases are used.
CO: is the most widely used because of its low cost and benefits in deeper penetration.
Depending on the material being welded, the CO. can act as either carburizing or
decarburizing medium. In metals having higher C content more than 0.10%,
decarburization may occur and CO can be trapped in the weld metal and can cause

porosity [14].

Metal-Cored Arc Welding (MCAW) is another form of GMAW using metal cover
and a core of powdered materials producing slag on the face of a weld bead. In this
method, external shielding gas variations are wider and alloy compositions are more
flexible than GMAW.

Gas-tungsten arc welding (GTAW) is a fusion welding process in which the arc is
created between a non-consumable electrode, generally tungsten, and the workpiece.
The arc melts the parent metal. The weld pool is protected by an inert gas supplied
through welding torch via a nozzle and excludes atmospheric gases from the weld
area. Because of the gases used, GTAW is also referred as tungsten inert gas (TIG)

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

Different polarities can be used in GTAW with respect to the application area (Figure
2.10):

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

arc and strike the base metal at high velocity due to a potential difference. The

23



amount of energy required to emit an electron from the electrode is called work
function and it is released when the electron hits the base metal surface. It is
considered 66% of the total arc heat is located in the base metal and the rest is
at the electrode end. This helps in melting of the base metal and yields a

relatively narrow and deep weld.

Direct-Current Electrode Positive (DCEP) The base metal is
connected to the negative terminal of the power supply and this is also called
the reverse polarity. Electrons are emitted from the base metal and flow toward
the electrode. This time the heating effect is at electrode rather than the base
metal. Therefore, a large diameter, water-cooled electrodes should be used in
order to prevent the electrode from melting. During the avalanche of electrons
from base metal, oxide films are knocked off and a clean weld surface is
obtained.

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

penetration and oxide cleaning. [15]

DC electrode DC electrode AC
negative positive
V v WJ
o Do Do
® o ® o ® o
@ © ® o @ o
deep weld, shallow weld, intermediate

no surface cleaning surface cleaning

(a) (b) ()

Figure 2.10. Different polarities in GTAW (a) DCEN (b) DCEP (c) AC [13]
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GTAW has advantages such as stable arc and excellent control of the welding. It can
be used for welding of stainless steel and copper and owing to its cleanliness it can be
used in the welding of reactive metals such as titanium, zirconium, aluminum alloys,
and magnesium alloys. It can be used in the welding of thin sheets without filler
material. However, GTAW is applicable to thin materials, from about 0.5 mm up to 3
mm thickness and the deposition rate is very low when compared with other methods
such as GMAW and SMAW. The deposition rate can be improved by using pre-heated
electrodes. Moreover, the process is highly skill dependent and requires experienced
and talented welding operators. Higher welding currents may cause the melting of the
non-consumable tungsten electrode and may yield tungsten inclusions in the weld

metal.

Heat source efficiency 1 can be defined as

T] — Qtweld — [ (1)

Qnominaltweld Qnominal

where Qnominal IS the nominal power heat source and Q is the rate of transferred heat
from the heat source to the workpiece. tweid is the welding time. When the heat
provided by heat source flows through the workpiece, some of the energy is
transferred to the workpiece and the remaining is lost to the surroundings. Q, heat

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

The arc efficiency can be expressed as

__ Otweld Q

=0 @

T Vitwea VI

where V is the constant voltage and I is the constant current. In welding, the term heat

input is often referred to Qnominal OF VI in the case of arc welding. The term heat input

25



per unit length can be calculated by including the efficiency to the expression
Qnominal/V, or VI/v where v is the welding speed [15]. The heat input formula for kJ/mm

is given as

HI (Heat Input) = n X 60VI/1000v 3)

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

Efficiencies of the welding techniques according to the EN 1011-1 are given in Table
2.6

Table 2.6. Efficiencies of different welding techniques [16]

Welding Technique Efficiency (1)
Submerged Arc Welding (SAW) 1.0
Shielded Metal Arc Welding (SMAW) 0.8
Gas Metal Arc Welding (GMAW) 0.8
Flux-Cored Arc Welding (FCAW) 0.8
Gas Tungsten Arc Welding (GTAW) 0.6

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

2.4. Welding Metallurgy of HSLA steels

Figure 2.11 shows typical microstructures evolved between the fusion zone and base
material after a single pass welding. Fusion zone is the regions that reach temperatures

that are higher than the melting point of the material. The thinner section right next to
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the fusion zone is named partially melted zone (PMZ) which represents the transition
boundary between 100% solid and 100% liquid. Along the HAZ, different
microstructures are seen due to the thermal cycles. The coarse-grained HAZ can be
seen adjacent to the fusion line where overheating and slow cooling occurs. Grain size
decreases and fine-grained HAZ is observed towards the base metal as the induced
heat decreases. In this zone, the temperature is below the melting point and partial

grain refinement occurs.

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

Temperature

Coarse Grained HAZ

Fine Grained HAZ
(Recrystallized Zone)

Partially Transformed Zone

Tempered Zone

Base Metal

.

Figure 2.11. Typical microstructural features of a single pass welding [17]
HSLA steels are developed to be used in structural applications such as pipelines,
offshore structures, bridges, buildings, etc. They have better material properties than
the conventional C-Mn steels as stated before in Section 2.2 while weldability of these

steels is considerably better than that of conventional steels. During the course of
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welding, some new regions are formed, fusion zone (FZ), and some regions are
changed, heat affected zone (HAZ), due to fusion and thermal effects. Since heating
and cooling rates in welding are very high, multi thermal cycles which include these
heating and cooling sequences are very effective in the formation of microstructure
after multi-pass welding. Figure 2.12 shows the evolution of microstructure in HAZ

via single and multi-pass welding.
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A. Unaltered coarse grained zone (U CG HAZ)
B. Supercritically reheated coarse grained zone (SC CG HAZ)
C. Intercritically reheated coarse grained zone (IC CG HAZ)

D. Subcritically reheated coarse grained zone (S CG HAZ)
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Figure 2.12. HAZ microstructure variations in single and multi-pass welding [18]

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

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

grain size.

In coarse-grained heat affected zone (CGHAZ) and intercritically reheated coarse-
grained heat affected zone (IRCGHAZ), the deteriorating effect of heat can be seen
explicitly. Enlarged grains in different morphological formations with different
chemical and mechanical properties are seen in these regions. CGHAZ forms near the
fusion line and exhibits the lowest toughness in single pass weldments[18]. In multi-
pass welding, IRCGHAZ is known as the most weakened part [19], [20] in which local
brittle zones (LBZ), which include martensite-austenite (M-A) islands composed of
high carbon and retained austenite, formation occurs [21], [22]. Because of the brittle
nature and crack susceptibility of martensite, the M-A phase formation plays a
significant role in the toughness of the steels. It may suddenly decrease the toughness.
Peak temperature (Tp) and cooling time (Atss) govern these microstructural
alterations. In their work, Haugen et al. [23] showed that 5 or 10 s Atgs caused M-A
phase formation along the prior austenite grain boundaries (PAGB) in weld
simulations where peak temperature of 1350 °C in the first cycle and 780 °C in the
second cycle. The M-A phase formation occurs because of the enhanced local
hardenability in austenite due to carbon diffusion[23]. Li et al. found the evidences
of both cracking and debonding of the M-A phase and carbides and cracks were
correlated with the consolidation of voids as a result of debonding [24]. The toughness
decrease is not only correlated with the presence of M-A phase but is also related with
morphology and distribution of the phase and the matrix. The M-A phase is found at
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two distinct morphologies, blocky particles, or islands, in 3to 5 um in diameter which
form at the PAGB and elongated stringer-type particles which are formed between

bainite-martensite laths 0.2 to 1pum in width and several microns in length[25].

Four possible mechanisms proposed for toughness decrease have been gathered

together by Davis and King and they are shown schematically in Figure 2.13 [25]:

e The M-A phase is brittle in its nature and cracks readily

e There occurs transformation-induced residual stress in the surrounding ferrite
matrix

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

e A microcrack is formed between the M-A and ferrite matrix and initiates the

cleavage fracture in the matrix
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Figure 2.13. Representation of four proposed initiation mechanisms[25]

As discussed in 2.2.Parent Material microalloying elements such as Ni, V, Nb, and Ti,
affect the number of phases and microstructure. Various kinds of austenitic phases
would exist in CGHAZ and IRCGHAZ if the filler material has a high amount of
austenite promoter elements and enough diffusion time is given. In HSLA steels, Nb,
V, and Ti are strong carbide and nitride forming elements. Titanium nitride is the most
stable one among the carbides and nitrides of Nb, V, and Ti. It has the smallest
tendency to decompose and dissolve at elevated temperatures. Therefore, it is the most
effective particle that limits the grain growth in welding [15]
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The cooling rate affects the width of the HAZ. Lower cooling rates increase growth
rate during solid-state diffusion in HAZ. The fine-grained structures move towards the
base metal until the phases become stable. The partially transformed structure in HAZ
can be changed based on the aforementioned parameters. Recrystallization and growth
in the HAZ can make the region much vulnerable in terms of mechanical properties

than that of base metal.

Fusion zone is the region in the weld where complete melting and re-solidification
occurs during the process. Due to the solidification process, the fusion zone is different
than HAZ and base metal distinctively. During welding, the base metal grains at the
fusion line act as a substrate for nucleation. According to Turnbull’s [26] formula, AG

for heterogeneous nucleation is:

iy} T2
AG_ Yioc!im

_ 3
= XoH, AT (2—3cos@ + cos>0) 4)

where yLc Is the surface energy in the liquid-crystal interface, Tm is the equilibrium
melting temperature, AHm the latent heat of melting, AT is the undercooling below T
and the @ is the contact angle. Figure 2.14 shows the nucleation of a crystal on a planar
substrate. Since molten metal is in contact with the base metal, which is the substrate
for nucleation, and it wets them completely, in other words, contact angle & equals to
zero, crystals nucleate from liquid metal on substrate readily.
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Figure 2.14. Nucleation of a crystal from a liquid on a planar substrate [13]

The growth can occur epitaxially in autonomous welding (welding without filler
material). Nucleation occurs in the arrangement of atoms in one direction based on
substrate crystallographic orientation without changing it. dendrites point one
direction Savage et al. [27] confirmed that the crystallographic orientation continues
along the fusion zone by using a back reflection X-ray technique. Weld metal crystal
structure may differ from base metal in welding with a filler material since the metal
compositions are different. In this case, epitaxial growth is no longer possible. In their
work Nelson et al. [28] investigated the fusion boundary microstructure of dissimilar-
metal welds by using a body-centered cubic (BCC) and a face-centered cubic (FCC)
base metals, Type 409 stainless steel and 1080 pearlitic steel respectively, and an FCC
filler material, Monel (70Ni-30Cu). In BCC base metal — FCC filler material system,
no epitaxial nucleation, and growth are observed. Random grain boundary
misorientations are observed between the weld metal and the HAZ as can be seen in
Figure 2.15a. In FCC base metal — FCC weld metal system, normal epitaxial growth
was observed at fusion boundary, the morphology of the weld metal is a result of the
crystal structure of the grains along fusion zone which are the substrates of the

nucleation, Figure 2.15b.
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Figure 2.15. Fusion boundary microstructures a) Type 409/Monel base and weld metals b) 1080/Monel base
and weld metals [27]

The weldability of the materials is affected by some factors mainly, material, purpose,
weld design, and pre and post-processing. Material’s microstructural features are
phase transformations, grain formations, and segregations. Chemical composition of
the material affects the hardenability, the aging and the convections in the weld pool.
Physical characteristics of the material such as strength, thermal conductivity and
expansion coefficient, and toughness are important for material characteristics.
Purpose factor can be defined as mechanical, physical and chemical quality

requirements. Weld design factor includes type, weld dimensions, level, strain rate,
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and load distribution. Pre and post-processing includes welding method, filler
material, heat input, consumables such as shielding gases and fluxes, joint type, pre-

heating temperatures, and post-weld heat treatments.

2.5. Fitness-for-Service

Pipelines used in industrial applications such as oil and gas transportation, water
transportation are subjected to different loads and they are designed to bear service
pressure. The pressure may be caused by internal or external factors. Gas
transportation pipelines are categorized as intermediate pressure pipelines. Internal
and external loads induced on pipes are generally similar. However, since they are
built underground there could be some unexpected large scale loads due to an
earthquake or movement of the earth such as landslides. Therefore, all these kind of
existing and sudden loads should be taken into consideration and investigated to

eliminate catastrophic failures.

Parts exposing different stress conditions and environments causing corrosion should
maintain their strength, performance, and dimensions. Structural integrity is the
competency of a part to work throughout its specified lifetime [29]. To guarantee the
safe and useful working of product components; application of efficient inspection,
examination and risk management techniques are required. Therefore, the structural
integrity assessment is essential for giving not only design limitations and also
preventing catastrophic failure. This assessment is named as Engineering Critical

Assessment (ECA) and also as Fitness-For-Service (FFS) assessment for pipelines.

Conventional welding fabrication codes and standards specify weld’s maximum
tolerable flaw size and minimum Charpy energy-based qualified procedures and good
workmanship. The good workmanship criteria is quite conservative and it should be.

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

different workers in pipelines with different skill levels.

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

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

2.6. Fracture Mechanics

Fracture mechanics is categorized into two categories mainly, linear-elastic fracture
mechanics (LEFM) and elastic-plastic fracture mechanics (EPFM). LEFM is
developed based on stress intensity factor (K) and yielding at the crack tip is assumed
as small and material is in plane strain condition. On the other hand, EPFM is based
on non-linear behavior which cannot be investigated via LEFM. Materials which have
high toughness and ductile, work under plane stress condition and slow loading rates.
Figure 2.16 shows the yielding conditions based on these fracture mechanics

approaches.
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Figure 2.16. Yielding conditions based on LEFM and EPFM [30]

The experimental studies and standardizations of fracture toughness play an important
role in the application of fracture mechanics in terms of fitness for service, damage

tolerant designs, structural integrity assessments, residual strength analysis [31].

Some studies have been conducted on plastic zone existing at the tip of the advancing
crack about the correction of K factor. To characterize the deformation before severe
crack propagation the plastic zones are inspected. There are some conditions that
affect the behavior around the crack tip. These conditions can be investigated by some
EPFM parameters such as crack tip opening displacement, J-integral, crack opening
angle, crack tip work, and crack tip force. The term fracture toughness is described as
the resistance of materials to crack propagation [31]. Fracture behavior can be

described using fracture toughness values as K, J and 6 values.
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K, stress intensity factor, is proposed by Irwin in 1957 [32] and it is described the
intensity of the elastic crack-tip fields. It is used when the singularity zone is larger
than the plastic zone at the crack tip and it is strongly dependent to crack size and
stress. Kic, plain strain fracture toughness, can be measured when there is an only
elastic region at the crack tip, no plastic-zone. To define Kic, there should be a slow
loading rate under linear elastic conditions. The stress distribution (oij) near the crack

tip can be predicted with below equations (5) and (6), in polar coordinates (r, 8).

0j = ==1i;(0) (5)
5 =5 (o) ©

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

fracture toughness via J-integral and CTOD methods.

The J-integral method was proposed by Rice in 1968 [33] and it is used in case of non-
linear fracture behavior of the materials that there is a strong plastic deformation at
the crack tip. The fracture toughness is determined with the help of plasticity theory.

A new measurement method and the term J-integral is needed. The J-integral

parameter is calculated by the equations (7) and (8),
aui
J = §(Wdy -7,5"ds) ™

where W is the strain energy density function and T is the surface traction vector.
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where S is the span length in the test, w is the width of the specimen, F is the applied
force, B is specimen thickness, By is the specimen net thickness between side grooves,
g1(a, /W) is stress intensity factor, a, is initial crack length, v is Poisson’s ratio, E
is elastic modulus, U, is plastic component of the area under load versus load-point

displacement curve and the Aa is the stable crack extension including blunting.

In 1963, a new fracture mechanics parameter, CTOD, is proposed by Wells and it is
represented as 6 [34]. It is used as K or J in practical applications. Initially, it is referred
as crack opening displacement (COD), but after that, its name has been changed to
CTOD to differ the quantity from the crack mouth opening displacement (CMOD)
which is a physical crack opening displacement measured at the crack mouth at the
specimen surface [31]. The CTOD approach is developed to broaden the LEFM to
EPFM by implementing Irwin’s plastic zone estimation and the elastic displacement

solutions. The CTOD () can be approximated according to the equation (9),

_ Kt
Edys

©9)

for the center-cracked infinite plate in tension for far less applied stresses than the

yield strength.

In the ASTM E1820-1 [35], CTOD is calculated according to the equation (10):
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moy moy E

where K is stress intensity factor, J,,; is plastic component of J and m is:

m= A4, — A, (Z—f) + A4, (‘;—Z)Z — 4, (Z—i)3 (11)
A, = 3.18 — 0.22 (%) (12)
A, =432 —223 (%) (13)
4y = 444 - 229 (%) (14)
A; = 2.05—1.06 (%) (15)

where gy is the yield strength an o is the tensile strength.

There are several factors that fracture toughness depends on such as the material itself,
fabrication route, environmental effects and loading rate. The most important factor
among them is the material. Chemical composition, production method,
microstructure and fabrication method of the material affects the fracture toughness
significantly. During welding, the change of a parameter changes the microstructural
evolution entirely. Heat input is the most effective parameter in welding that affects
the fracture toughness since it is responsible for heating and cooling of the welding
and consequently the final properties. For instance, lower heat inputs yield high
cooling rates and reduce the average grain size and, generally, improves mechanical
properties. However, high cooling rates may cause entrapping of some elements. If
these entrapped elements are too strong compared with the surroundings they act as
stress concentration regions and may cause local weak points in terms of fracture

toughness, decreases toughness and ductility.
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CHAPTER 3

EXPERIMENTAL

3.1. Parent and Filler Metals

Parent material was an API grade pipeline steel with a thickness of 19.45mm. Material
was obtained from one of the world’s biggest steel producer POSCO(South Korea)
(lot number SP48904) in plate form and by the HRB132860 qualification record, it is
confirmed by the supplier as AP1 5L X70M PSL2 grade line pipe steel.

The plate was sectioned and subjected to material verification. The material’s optical
emission spectral analyses are found to be consistent with the certificate as per the
standard EN 10204 type 3.1 (Table 2.2). The material was also verified with respect
to the mechanical properties which are specified by the standard API 5L. The optical
emission spectral analysis procedure is described in Section 3.3. The material also

sectioned and machined to 12 mm thickness for welding fabrication.

A mild steel solid filler wire is used as a filler material while performing welding
operations. Welding wires were taken from ESAB, which is worldwide welding
equipment and consumable supplier. Welding wire used was 1.2mm diameter
SFA/AWS A5.18 ER70S-6 (lot number PV534031289B) in GMAW operations.

Chemical composition of the filler material is given in the Table 4.2.

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

investigated via Charpy impact test in a temperature range between -78°C and -32°C
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[36]. The results can be seen in Figure 3.1. APl 5L requirements for Charpy impact
values were satisfied.
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Figure 3.1. DBTT behavior of base metal API 5L X70M [8]

3.2. Welding Procedures

Construction of the pipelines in the field with girth welding is done automatically with
mechanized welding machines (see Figure 3.2). This requires carefully designed pass
sequences and bevel designs since the welding operation is done in different positions
such as over-head, horizontal, and vertical during horizontal pipe fixed position weld.
Typical heat input and pass sequences of a girth weld done in the field for 19.45 mm
thick pipes are 0.60-0.65 kJ/mm and 8 to 10 passes.
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Figure 3.2. CRC- Evans P-625 Computerized welding machine [37]

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

Welding setup can be seen in Figure 3.3.
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Figure 3.3. Welding robot setup for the GMAW and HPAW technique used in the thesis

A shielding gas mixture of Argon-18%CO: was used during the welding operations
to protect the welding pool from the atmosphere. The shielding gas was supplied with
a rate of 12 to 14 L/min.

The welds were done single-sided. 1.2mm diameter SFA/AWS A5.18 ER70S-6
welding wire is introduced to the 37.5 ° VV-groove bevel to ensure the sidewall fusion.
Three different hear input values were chosen. The first one was chosen as 0.65
kJ/mm, the lower limit of our study, to simulate field girth welding operations. Lower
heat inputs can cause lack of fusion problem. The second one was chosen from a study
done by our colleague Cagirici [36]. In that study, 12 mm thick plates were weldable
in single pass and the minimum heat input to weld that thickness is 1.4 kJ/mm. So the
second and the upper limit of our study was chosen as 1.4 kJ/mm. The last one was
chosen as 1.1 kJ/mm as we want to observe how M-A changes as primary austenite

grain sizes (PAGS) change with grain coarsening in CGHAZ. The 12 mm thick
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weldments were completed with 6 and 10 passes with respect to the welding
parameters and heat input. Welding parameters of the welds are given in Table 3.1
and Table 3.2.

Table 3.1. Welding parameters for the high heat input

1st Weld (6 passes)
Pass LWS Heat Input
A Vol \Y .
Current (A) oltage (V) (mm/min) (k3/mm)
Root 80 16 91 0.84
Hot 200 19 420 0.53
Fill (1-3) 220 21 197 1.42
Cap 230 24 312 1.05
Table 3.2. Welding parameters for the low heat input
2nd Weld (10
Pass : = pasl_s\i\j)s Heat Input
Current (A) Voltage (V) (mm/min) (ka/mm)
Root 80 16 100 0.78
Hot 190 19 525 0.4
Fill (1-6) 216 21 431 0.64
Cap (1-2) 230 22 467 0.66

To inspect the heating and cooling of the weldments, temperature measurements were
done via bead-on-plate welding method. High-temperature thermocouples were used.
To define the positions of the thermocouples, welding was performed and the width
of the welds were noted. Then, thermocouples were spot-welded to the plates with 1
mm apart from the cap of the weld and measurements were done during welding
operations with three different heat inputs with respect to the original welds. Welding

parameters can be seen in Table 3.3, Table 3.4, and Table 3.5.
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Table 3.3. Welding parameters simulating the heat input of 1.4 kJ/mm

Weld No. | Pass | Current (A) | Voltage (V) | LWS (mm/min) "'(iiir;nrfl;lt
1 1 286 24 240 1.37
Table 3.4. Welding parameters simulating the heat input of 1.15 kJ/mm
Weld No. | Pass | Current (A) | Voltage (V) | LWS (mm/miny | Fot Input
| ) (kJ/mm)
284 24 300 1.09
301 23.9 300 1.15
Table 3.5. Welding parameters simulating the heat input of 0.65 kJ/mm
Weld No. | Pass | Current (A) | Voltage (V) | LWS (mm/min) Heat Input
| ) (kJ/mm)
293 24 540 0.63
309 23.9 540 0.66

3.3. Elemental Analysis

Generally, elemental analysis is done to ensure that the chemical composition of the
metals comply with the specifications. In this study it was done by optical emission
spectroscopy according to ASTM E415 [38] on both parent and weld metal. An
electrical discharge forms between the material and the electrode, high voltage source,
of the analyzer due to electrical potential between them. The discharge excites the
atoms of the specimen which then emit characteristic optical emission lines. These
characteristic lines are separated according to their wavelengths and a detector

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

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

According to the requirements of the standards APl 5L and APl 1104 integrity
confirmation assessments and procedure qualifications were done on the weldments.
These requirements include both non-destructive testing (NDT) and destructive

testing.

Visual inspections of the welds were done after the welding. To support these visual
inspections and to examine the weld surface for possible defects, magnetic particle
testing was applied. The radiographic inspection was applied to the weldments to
confirm the integrity of the joints via X-ray and the images are recorded to
radiographic films digitally. Phosphorus imaging plate (IP) has some advantages over
conventional radiographic films such as image quality and reduces process times and
due to its advantages, a phosphorus imaging plate (IP) was used for recording X-ray
examinations. The tests were done according to ASTM E2007 [39] and ASTM E1742
[40], and evaluation of the radiographic films was done in terms of the requirements
and the definitions of ASME BPV Code Section IX [41]. 2% quality level was
employed for radiography (2-2T 1QI).

Following the completion of the non-destructive tests, the weldments were sectioned

and subjected to various tests.

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

the weld, were done to the welded plates in order to check whether a linear defect
exists or not. 180° bending specimens were prepared and tested according to ISO 5173
[42] as specified in API 1104 [1].

Cross weld (transverse) tensile tests were done according to 1ISO 4136 [43] and API
1104 [1] to determine the imperfections in the welded area which may cause a fracture.
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Ultimate tensile strength and position of the fracture were noted for information only
since there are different areas with dissimilar properties in the direction of tensile
force, measurements such as yield strength, % elongation, and reduction of area are

unreliable and inaccurate.

Macro examinations were done according to I1ISO 17639 [44] to see the general
structure of the joints, i.e. weld metal, fusion zone, and base metal. Specimens were
ground up to 1000 emery paper and then polished. 10% Nital was used as an etchant

to reveal the weld macrostructure.

3.5. Microstructural Characterization

Along with the macro hardness tests according to API 1104, microhardness tests were
performed at specific locations at room temperature to examine the variations in the
hardness and identify the LBZs. Macro hardness examinations were done with the
Vickers indenter. HV10 method was used with an applied load of 10kgf. After macro
examination, etched surface reveals HAZ, WM and BM regions of the weld and
measurements were done with a distance of 0.5 mm between each indentation in HAZ
region, at least 0.5mm in the WM and BM regions. Schematic representation of the
hardness measurements can be seen in Figure 3.4. 45 indentations and hardness
measurements were done for one specimen in total in 3 rows; two of them were near
to the root and cap sides, one of them was at the mid-thickness. Root and cap side

rows were 2 mm away from the flattened surface of the specimen.
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Figure 3.4. Schematic representation of hardness indentations [39]

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

2F sin(136°)

F
HV =0.102 —%— = 0.1891 (16)

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

diamond-shaped indent in millimeters (mm).

Before micro-hardness measurements, specimens were prepared as before in macro-
hardness specimens. They were ground, polished and etched. Additionally,

specimens’ flatness was measured with a coordinate measurement machine (CMM).
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A region consists of WM, FZ, and HAZ was investigated. The load is chosen as 0.5

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

Microstructural constituents were characterized by metallography. Base metal, fusion
zone, and weld metal were examined under LOM and SEM with different etchants.
After sectioning, specimens were subjected to a preparation procedure starting with
surface grinding to ensure the flatness of the specimen, small specimens were mounted
in Bakelite for the same purpose. Then macro examination specimens were ground
with SiC emery papers starting from 80 to 1200 and etched with 10% Nital solution
to revel the macrostructure. Micro examination specimens were further ground up to
2000 SiC emery paper and then polished with 6, 3 and 1 um Diamond colloidal. After
that, the specimens were etched with 2% Nital solution. Further investigations were
done with LePera [45] etchant application to the specimens. The specimens were
prepared according to the above procedure and etched with 2% Nital to remove any

disturbed metal.

In LOM and SEM, grain size measurements were done according to ASTM E112 [46]
in BM and HAZ regions. Energy dispersive spectroscopy (EDS) was used in order to
detect the elemental differences on different microstructural features at FZ and HAZ
regions according to ASTM E1508 [47].

Nano-indentation is a valid instrument to understand the mechanical properties of
materials such as elastic modulus, hardness, and dislocation motion which are very
hard to inspect in nano and micro scales. The nano-indentation process is generally
performed with a three-sided pyramidal Berkovich diamond indenter tip (see Figure
3.6). During the process, a load displacement curve is generated (see Figure 3.5) and

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

from the load displacement data, elastic modulus and hardness are measured.
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Figure 3.5. A representative load displacement curve of a nano-indentation process [48]

In this study, IRCGHAZ of the weldments were subjected to nano-indentations in
order to investigate the M-A constituents. Since the indentation area is approximately
seven times of the depth of the indentation 60 nm indentation depth was aimed
according to the average size of the M-A constituents coming from LePera etched
specimens and it was achieved with 5mN load. Nano-hardness measurements were
also done before for a study conducted by our former research group member Cagirici
[36]. Measurements were done on a weld in which hybrid plasma-arc welding
(HPAW) technique was used with 1.4 kJ/mm heat input. Hardness variations between
FZ and HAZ were investigated by a nano-indenter. In the base metal and HAZ,
Berkovich nano indentations were applied using a sharp 3-sided indenter. Indentations
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had at least 10um distance between them to measure micron-sized formations, i.e. M-

A constituents [36].

Figure 3.6. Berkovich nano-indenter trace after nano-indentation [49]

An indentation which is placed onto the M-A constituent, having steeper curve and

low depth, can be seen in load vs. indentation depth diagram from Cagirici [36]

(Figure 3.7).

Test Load (mN)

Indentation Depth (nm)

Figure 3.7. Nano indentations on specimen and load-indentation depth diagram [36]
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3.6. Mechanical Characterization

The tensile test was performed with a Zwick/Roell Z250 universal test machine. The
test speed was 0.6mm/min up to the yield point, and then, the speed was increased to

5 mm/min gradually.

All-weld tensile tests were done uniaxially to determine the strength and ductility of
base metal and the weld metal. These tests were conducted at room temperature. 1ISO
6892-1 [50] was followed for the specimen geometry and the test procedure.
Specimens had circumferential cross-section and dog-bone shaped. Tensile test
specimen dimensions are given in Section 4.1. Reduced section diameter (d) was 6

mm and gauge distance (Lo) was calculated from the formula below

Lo = 5.65 (”dz)l/2
0 = 5.65 (E£ 17

4

On the base metal, between -30°C to -78°C a DBTT survey was conducted by our
group before. The specimen dimensions were 10mmx10mmx55mm. Charpy impact
tests were conducted with 2mm V-notched specimens. Dimensions of the notch and
the specimen were controlled by a micrometer and a Go / No Go gauge. Zwick/Roell
RKP 450 impact testing machine was used for impact testing. Specimens were cooled

in dry ice or in alcohol with the help of dry ice [36].

Apart from these all weld tensile and impact toughness tests, fracture toughness of the
specimens were measured with elastic-plastic fracture toughness parameter, o
(CTOD). The tests were conducted according to ISO 15653[51]. Since fracture
toughness depends on different parameters such as the crack plane orientation, crack
extension direction with respect to the rolling direction, grain flow, etc., the fracture

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

specimens for weld metal.

Figure 3.8. Crack plane orientation for fracture toughness specimens for weld metal [51]

Single Edge Notched Bend (SENB) specimens were extracted from the welds in NP
orientation. The first letter of the designation indicates the direction normal to the
crack plane and the second letter of the designation indicates the expected direction of
crack propagation. Two sets of specimens, including three specimens per set, were
extracted from the 1% and the 2" weldments and machined down to
10mmx20mmx100mm (B-2B specimens) dimensions. Notch locations were selected
as FL and the test temperature was -10°C. The notch locations were determined after
an etching process with 10% Nital etchant on the specimen surface. Determined

locations were marked and photographed. Integral type knife-edged (see Figure 3.9)
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notches were machined with wire-cut electrical discharge machining (EDM)

equipment.

Specimens were subjected to fatigue pre-cracking operations. The loads were
calculated from all-weld tensile test results of each weldment. The specimens were
located on MTS servo-hydraulic test equipment with three-point bending setup.
Fatigue loads were loaded and the pre-crack lengths were checked continuously during

the course of the operation to avoid exceeding limits given in ISO 12135 [52].

P
I—‘ z=0
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13

o
(=)
(=2}
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{5o

3

Figure 3.9. Integral knife-edged notch geometry
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Specimens were then tested in accordance with the aforementioned related standards.
Cross-head displacement speed was 0.7 mm/min in the tests in three-point bending
test setup which can be seen in Figure 3.10. Span length was 4W as stated in the figure.
Crack opening displacement (COD) was recorded via a gauge placed on the notch and
acquired load vs. COD graph was monitored. The tests were terminated when the load

passed the highest peak or when there was a pop-in.

S=4W +02W

P0,5W

Figure 3.10. Three-point bending test setup [52]
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Figure 3.11. Experimental set-up for fracture toughness test

3.7. Post-Test Metallography and Fractography

After the CTOD tests, post-test metallography specimens were prepared according to
the notch orientation to ensure the notches were located at FL. These specimens were
mounted into Bakelite, and then ground, polished, and etched with 2% Nital solution.

These specimens were further investigated via SEM.

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

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

below their DBTT, and its fracture surface examined to determine the original crack

length and stable crack extension Aa that occurred during the test. lllustration of the
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crack surface can be seen in Figure 3.12. Initial crack length, a,, and Aa measurements

were done according to the nine-point average method using the equation (18):

_ 1 a1+a9 8
a= —(— + sy ai)

8 2

v
X

0,018

r|---.

123456 7 89

j___________-—-

c. Reference Lines

d. Crack Plane

e. Machined Notch

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

1. Crack Extension

j. Final Crack Front

(18)

Figure 3.12. Schematic view of the specimen surface and measurements of crack lengths on

specimens [51]
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3.8. 8 (CTOD) Parameter Calculations

Single parameter fracture toughness values in terms of CTOD was determined for FL
specimens via CTOD testing. These values are sufficient in the assessment of fracture
resistance to a located flaw, given in equation (19).

_[s. F _ a 2 192 0.4 (W-a,)
%0 = [W (BByW)0-:5 91 (W)] 2Rpo2E t 0.6a,+0.4W+z VP (19)

F and V are taken at the points depending on the test record types given in Figure 3.13.
Intypes 1, 2, and 4, at fracture, in types 3 and 5, at the earliest pop-in prior to fracture,

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

Force, F

a a
Fooch j FQoch L F_orF.

- Q

Veorgce Ve or gqc

1) (2)

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

Figure 3.13. Different types of Force vs CMOD recordings [52]
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a, was determined from the formula:
ao — 1 (a1+a9 Z ) (20)

In three-point bend specimens stress intensity factor gl( ) is calculated according

to the equation (21).

o (@) _ 3(%)0' [1 99——(1——)(2 15—39;“0+2$;‘2’>]

75 (21)
v 2(5)0-5)

For all design of specimens, a/W ratio shall be in the 0.45 and 0.7 range for o

determination and g (%) values change between 2.29 and 5.85 with respect to the

ratio. Some a/W ratios and corresponding g, (%) values are given in the Table 3.6.

Table 3.6. g4 (WD) values for three-point bend specimens

a a
W g1 (WO)
0.45 2.29
0.50 2.66
0.55 3.14
0.60 3.77
0.65 4.63
0.70 5.85

The plastic component of notch opening displacement, V,, was determined using a

computer technique or manually according to Figure 3.14.
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Force, F

Fe, Fyor Fma

/

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

S,

Notch opening displacement, V

Figure 3.14. Definition of 1, (for determination of 5) [52]

61






CHAPTER 4

RESULTS AND DISCUSSION

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

Radiographic inspection results of the joints can be seen in Figure 4.1.

Figure 4.1. Radiographic inspection of welded joints

Destructive tests were done after NDT inspections. Cross-weld tensile test specimens
prepared according to API 1104 [1] for weldments were tested to ensure the soundness

of weldments. No imperfections were detected and they all failed from base metal
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which means that the fusion zone, the most critical region of the weldments, has higher
yield strength than the base metal. Additionally, side bend test specimens were
prepared and tested to reveal internal defects. There were no major imperfections with
respect to API 1104 [1].

The macrographs of the specimens can be seen in Figure 4.2, Figure 4.3. Figure 4.4.
is taken from HPAW weldment that was done by Cagirici [36]. All of these welds
were welded by single side welding procedures. Welds having 0.65 kJ/mm and 1.1
kJ/mm were welded in multiple passes after a hot pass on the root section. It needs to
10 successive weld passes to complete welding in 0.65 kJ/mm weld and 6 passes to
complete 1.1 kJ/mm weld. The number and size of the passes are reasonable in both
weldments with respect to their heat inputs. On the other hand, weld having 1.4 kJ/mm
was welded in one pass with HPAW method. According to Ohm relation, decreasing
arc length and increasing wire feeding rate give rise to current amplitude. An increase
in current amplitude improves through thickness penetration and side wall diffusion.
There is no lack of weld penetration and side wall diffusion in macro examinations.

Even in the lowest heat input there is no trace of lack of fusion.
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Figure 4.2. Macrograph of the weldment (1.1kJ/mm heat input)

Figure 4.3. Macrograph of the weldment (0.65 kJ/mm heat input)

Figure 4.4. Macrograph of the weldment (1.4 kJ/mm heat input)
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4.1. Parent and Filler Metal Characteristics

Chemical composition of the base metal was inspected by optical emission
spectroscopy and the results of the spectral analysis and values given in the standard
are presented in Table 4.1. The results of the analysis seem to be compatible with the

requirements of the standard and the certification document.

Table 4.1. API 5L X70M composition

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

Table 4.2. Filler material composition

Weight Percent (%owt)
Element| C | Si |[Mn| P S Cr [ Ni |[Mo| Ti [Nb| V

ER70S| Std |0.07{0.95|1.68|0.025|0.035|0.15/0.15|0.15

-6 Cert. |0.08(0.83|1.47|0.006|0.007 |0.02|0.02 <0.001

Lab |0.080.90|1.51|0.014|0.014|0.07|0.02{0.02|0.01|0.02|0.01

In Table 2.3, frequently used microalloying elements and their effects were given.
Titanium, Niobium, Vanadium and their compounds alters the microstructure of the
steel, strengthen the ferrite matrix, and so do mechanical properties of it [4][53][54].
Lower V contents such as contents given in Table 4.1 and Table 4.2, promotes second
phase particle and M-A constituent formations [55]. Acicular ferrite structure was
expected because of the addition of these ferrite strengthener alloying elements. Lan

et al. [10] states that in their work on Nb-Ti microalloyed pipeline steels, lower finish

66



rolling temperatures and the cooling stop temperatures leads the microstructure to
change quasi-polygonal ferrite to acicular ferrite. This results in higher strength and

higher toughness in material.

50 um

]

Figure 4.5. Banded structure of the base metal (2% Nital etched)

The base material has different microstructural features as a consequence of its
alloying elements and manufacturing route. Banded structure exists and due to
production method of the base metal.

The tensile test results of the base metal and all-weld tensile test results of the
weldments are tabulated in Table 4.3. Weld metals have higher strength levels than
base material which is a requirement of API 1104 standard.
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Table 4.3. Tensile test results of base material and weldments

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

Yield strength mismatch between the base metal and the weld metal is as 6.4% higher
in high heat input weldment. On the other hand, the difference in yield strength is only
3.4% in low heat input weldment. Higher difference between the base metal and filler
wire caused strong overmatching with respect to strength and ductility. This strength
mismatch is done intentionally and optimized to give advantage to the fusion zone.
This optimization process is called as strength over-matching. On the other hand, this
mismatch generally cause a decrease in toughness in fusion zone and it has to be taken

into consideration.

The strength of the base metal, weld metal and fusion zone influences the fracture
toughness of the joint. Different notch depths and final crack tip locations, different
a/W ratio, yield different CTOD values for the same material since mechanical
properties are different in different weld regions and strain distribution around the
crack tip is affected by it. In their work on CGHAZ of the weld Minami et al. [56]
states that the actual CGHAZ toughness affects the fracture behavior of the weld.
Brittle CGHAZ leads lower CTOD values because of promotion of local stresses in
the CGHAZ due to limiting effect of overmatched WM and CGHAZ having moderate
toughness produces higher CTOD values due to deviation of the crack growth path to

the base metal. Since the CGHAZ has the lowest toughness across the fusion zone and
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the tendency of crack propagation is away from the weld metal, a notch location close
to the weld metal side represents the best condition for the initiation of an unstable
fracture. Cracks’ tendency to propagate through the CGHAZ promotes the
participation of M-A constituents’ brittleness to the fracture so do the deteriorative

effect of them to the system.

4.2. The Microstructure of HAZ

Due to Nb, Ti and V contents of the steel the recrystallization temperature of carbides,
nitrides, and carbonitrides of these elements changes. In their work, Zhou et al. [57],
investigated Nb-Ti microalloyed steels having different amounts of Ti and N with
respect to precipitation evolution during solidification. They impede cooling by
quenching at different temperatures in austenite region. It was found that carbonitride

precipitates were not exist in ingots having less than 0.011 wt% Ti down to 1100 °C,

on the other hand Nb rich precipitates were present at 800 °C in mold-cooled ingots.
For multi-pass welding, there exist heating and cooling cycles. During these cycles
and according to temperatures reached the precipitation of carbides, nitrides and
carbonitrides have importance. Hong et al. [58] investigated the evolution of Nb, Ti
and V precipitates in HSLA steels during reheating. It is observed that dendritic Nb-
rich carbonitrades exist in as-cast structure, which are stable below 1000 °C, and
during reheating these particles experience a dissolution and re-precipitated to two
different carbonitrides Ti and N-rich and Ti and C-rich. Ti and N-rich titanium and
niobium carbonitride particles, (Ti,Nb)(C,N), precipitates along austenite grain
boundaries primarily and then precipitation of Ti and C-rich (Ti,Nb)(C,N) particles

occur within the austenite grains.
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Single-pass welding operation results in different zones in the joint area (see Figure
4.6 and Figure 4.7):

e The fusion zone (FZ), where the mixing of both base metal and filler metal
occurs. The temperature for this region is usually 1500 — 1600 °C.

e The partially melted zone (PMZ). In this region, the parent metal is melted
partially. The corresponding temperatures in this area is between peritectic
temperature and liquidus temperature.

e The coarse grained heat affected zone (CGHAZ) where peak temperature
reaches temperatures not as high as to melt the metal but high enough to
completely austenize the structure and growth of grains during the welding
operation. The peak temperature is greater than 1100 °C for this region.

e The fine grained heat affected zone (FGHAZ). In this region the peak
temperature is enough to austenize the region as in CGHAZ. However, the
temperature is not enough for grain growth. This temperature is generally
between Acs and 1100 °C.

e The intercritical heat affected zone (ICHAZ). In this region, the temperature is
in between Ac: and Acs. As a result of it, the structure is transformed to
austenite moderately.

e The tempered zone (TZ). In this region, temperature is below Al and no

transformation occurs. A tempering effect is observed.
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Figure 4.6. An overview to different zones formed during one pass welding
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Figure 4.7. The HAZ regions of a welded joint, corresponding temperature ranges and relevant parts

of Fe-C phase diagram

Altered microstructure of the base metal in single pass welding is shown for different

locations in Figure 4.8 with micrographs. The microstructure changes with respect to

induced heat and temperatures attained during welding operation. The changes in

microstructure is more dramatic in fusion line and in the HAZ region where the

temperatures reaches higher than Ac.
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Figure 4.8. Different weld zone micrographs of 1.4kJ/mm heat input weld in 1000x magnification
(etched by 2% nital) (a) Coarse grained heat affected zone (CGHAZ) (b) Fine grained heat affected
zone (FGHAZ) (c) Intercritical heat affected zone (ICHAZ) (d) Tempered zone (TZ)

Figure 4.9 show the cooling curves of CGHAZ, FGHAZ and ICHAZ regions during
welding. When both microstructure and cooling curves are investigated together the
some correlations can be established. As it can be seen CGHAZ region (Figure 4.8a)
reaches temperatures above Aci and there is also enough time for grain growth a
coarser grain structure is formed. FGHAZ cooling curve (see Figure 4.9b) implies the
temperature is above austenitization temperature but there is not enough time for grain
growth and this results in CGHAZ-like but finer microstructure (Figure 4.8b). The
temperature attained in ICHAZ, between Acz and Acs, and the cooling regime (see
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Figure 4.9c) result in moderately austenized structure (Figure 4.8¢c). In TZ (Figure

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

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

T, = 900°C (A, — As)
At&rs =84s

Figure 4.9. Cooling curves of different regions of weld obtained with thermocouples (TC) (a)
CGHAZ region of one-pass weld (TC 0.2 mm away from FL) (b) FGHAZ region of one-pass weld
(TC 1.2 mm away from FL) (c) ICHAZ region of one-pass weld (TC 1.7 mm away from FL)

The microstructure and properties of the HAZ is strongly affected by the austenite

grain size and austenite grain sizes are affected by heat input in welds. Higher heat
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inputs yield wider CGHAZ regions and coarser grain sizes and larger primary
austenite grains decreases relative acicular ferrite ratio and results in harder
microstructure [59]. Grain coarsening due to high heat input and wider HAZ region
have detrimental effects on toughness. Primary austenite grain sizes measurements
done according to ASTM E112 [46] in CGHAZ regions of different heat inputs are
given in Table 4.4.

Table 4.4. Primary austenite grain sizes (PAGS) in CGHAZ region of welds having different heat

inputs
Heat | Mean AST.M Star]da_lrd 95 percent Percent Relative
Input | (um) Grain Deviation | confidence Interval Accuracy (% RA)
P W Size # () (95 % Cl) y
LAk | 498 | 54 0.003 0.004 71
mm
LIKL 914 | 78 0.002 0.002 11.3
mm
0.65
K. | 150 | 88 0.001 0.001 93
mm-?

Grain size measurements on CGHAZ shows that larger grain sizes are obtained for
higher heat input. The largest CGHAZ grain size around 50 um corresponds to
1.4kJ/mm heat input. The 1.1kJ/mm heat input and 0.65 kJ/mm heat input yields the

average grain sizes of 21 um and 15 pm respectively.

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

is strongly affected by it, so do the final properties of the weld.
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Cooling rate is important on formation of microstructure in weld zone since diffusion
is a temperature and time dependent phenomenon. As microstructure changes with
cooling rate, the mechanical properties changes significantly [60]. Cooling rate
between 800°C and 500°C (tgss) is a determining factor on distribution and
morphologies of primary and secondary phases in HAZ. Heat transfer conditions are
governed by the heat input of the welding process and the pre-heat temperature as
well. The cooling rates of the bead-on plate studies are given with respect to heat
inputs in Table 4.5. Effect of heat input can be seen in Figure 4.12, as the given heat

input increases, the cooling rate decreases [61].

Higher Heat Input,
slower cooling rate

Temperature

Lower Heat Input,
faster cooling rate

Time (seconds)

Figure 4.10. Effect of heat input on cooling rate [61]
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Table 4.5. Cooling rates with respect to weld heat input (obtained from bead-on plate studies’

temperature measurements)

tess, °C s PAGS
HI, kJ mm*
1% pass 2" pass um ASTM #
0.65 73 51 15.02 8.82
1.15 42 33 21.35 7.80
1.45 21 NA 49.78 5.36

When it is compared with literature, measured cooling rates are coherent in general.
Different heat input and cooling rates obtained from literature are tabulated in Table
4.6. The difference between cooling rates are due to differences in the size of base

metals used. However, in general, higher heat input values yields lower cooling rates.

Table 4.6. Heat input and cooling rates in literature

Cooling rate °C

HI (kd/mm) st Source

0.9 60 Lietal. [62]
30 Shome et al. [63]
30 Andia et al. [64]
15 Poole et al. [65]

1.5 15 Zhao et al. [66]

2.35 7.79 Zhu et al. [22]

2.5 23 Kiran et al. [67]

25 5.35 Zhao et al. [66]

2.6 15 Hu et al. [68]
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According to PAGS of the CGHAZ, continuous cooling transformation diagrams

givenin Figure 4.11, Figure 4.12 and Figure 4.13 were generated via software JMatPro

[69]. Cooling curves of welds having 1.4kJ/mm, 1.1 kJ/mm and 0.65 kJ/mm were

drawn with respect to the cooling rates (indicated with red lines).

Considering these cooling curves of the welds, higher martensite formation and

retained austenite is expected in CGHAZ in welds having lower heat inputs. All of the

welds crosses bainite start curves of the CCT diagrams. However, in terms of amount

of the bainite phase in CGHAZ, higher input weld is one step ahead from the relatively

low heat input ones. In CGHAZ, additional phase transformations such as upper

bainite formation and M-A constituent formation occur with grain coarsening and

weak points are formed during cooling.
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Figure 4.11. Continuous cooling transformation (CCT) diagram of weld having 1.4 kJ/mm heat input
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Figure 4.12. Continuous cooling transformation (CCT) diagram of weld having 1.1 kJ/mm heat input
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Figure 4.13. Continuous cooling transformation (CCT) diagram of weld having 0.65 kJ/mm heat
input

A SEM image taken from CGHAZ region is given in Figure 4.14. As it is clearly seen,

the microstructure and morphology is greatly different from base metal. The
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microstructure is acicular ferrite along with a small amount of bainite, martensite-like,
and carbides. During the formation of bainite the transformation is time dependent and
diffusion controlled. On the other hand, martensite forms as a result of instantaneous
shear of the austenite to a BCT lattice. The microstructure changes as the heat input
and cooling time changes. In their work on X90 steel, Zhao et al.[66] states that,
specimen having lower heat input and higher cooling rate has a microstructure consists
of lower bainite and small amount of globular bainite and specimen having higher heat
input and lower cooling rate has polygonal ferrite and some globular bainite in its
structure. Li et al. [70] observed that microalloying elements such as Ti, Nb, and B
restricts grain growth in CGHAZ while preventing the pearlite formation and large
grain carbides at the grain boundaries. In the same heat input and cooling regime,
addition of these microalloying elements results in bainite, polygonal ferrite and

carbide having microstructure.

p .
4 -~

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

Figure 4.14. An SEM micrograph of CGHAZ

80



When considering multi-pass welding, additional CGHAZ-related regions can be
defined:

e The unaltered coarse grained heat affected zone (U CGHAZ): the region in
which the CGHAZ is reheated to a temperature above 1100 °C.

e The supercritically reheated coarse grained heat affected zone (SC CGHAZ):
the region where the temperature reaches between Acs and 1100 °C during
reheating.

e The intercritically reheated coarse grained heat affected zone (IR CGHAZ) in
which the temperature reaches between Ac: and Acs during reheating.

e The subcritically reheated coarse grained heat affected zone (S CGHAZ) in
which the temperatures reaches below Ac: during reheating.

These extra zones given in Figure 4.15 were illustrated by Machida et al. [71] in .
Local brittle zones (LBZ) are referred as weak links in welds. These LBZ with lower
toughness are most probably placed in IR CGHAZ next to fusion line [71]. The heat
treatment after the first pass caused M-A constituent formation in IR CGHAZ which
have detrimental effects on toughness of the material [19]. LBZs having these retained
austenite and high C containing structures have a brittle nature and crack susceptible
due to martensite [21]. Other researchers also stated that M-A containing LBZs are
formed at HAZ, especially in IR CGHAZ [72].
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Figure 4.15. Additional CGHAZ regions formed in multi-pass welding [71]

The LBZs can be identified with the help of micro hardness measurements on welds
since the indentations in macro hardness testing is too large to detect these zones. A
high resolution micro hardness scanning with HV 0.5 conducted by Tosun [73] in a

real line pipe multi-pass welding shows that hardened brittle regions are located at
reheated IR CGHAZ regions (Figure 4.16).

82



3420

3216

- 301.3

- 280.9

260.5

HVO.5

- 240.1

- 219.8

1994

179.0

Figure 4.16. Hardness variations in multi-pass welding [73]

In this study, plates welded by the bead-on-plate method were subjected to hardness
measurements to investigate the IRCGHAZ region. Since it is not possible to detect
LBZs with large indentations and high interspacing of macro hardness, microhardness
measurements were done with 0.5kgf (HV0.5). The 0.4mm interspacing and 0.5kgf
yields higher resolution and helps to identify locally hard regions. Total of 570
measurements were recorded per specimens within an area of 7.2mmx11.6mm. The
micro hardness values are given in the form of contour map in Figure 4.17, Figure
4.18 and Figure 4.19. Weld having one-pass 1.4 kJ/mm heat input shows
homogeneous structure and hardness along HAZ region with a maximum of around
238 HV. However, plates having lower heat inputs which are welded by 2 successive

weld passes shows hardening in reheated zones and hardness reaches 261 HV.
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Figure 4.17. HVO0.5 hardness contour map of weld having 0.65kJ/mm heat input
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Figure 4.18. HV0.5 hardness contour map of weld having 1.1 kJ/mm heat input
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Figure 4.19. HVO0.5 hardness contour map of weld having 1.4 kJ/mm heat input

Vickers macro hardness tests were conducted on multi-pass welded joints according
to ASTM E384 [74] with the specimens that were prepared for macro examinations.
The schematic representation of the hardness locations is given in Section 3.5.
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Macro hardness values (HV10) are tabulated in Table 4.7.

Table 4.7. Macro hardness measurement results (HV10)

Specimen Base Metal HAZ Weld Metal HAZ Base Metal
Row

112 |3 |4 |56 |7 |8 |9 ([10]11|12]|13 |14 |15

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

1.1 kJ/mm
2 |182(179|186(198|211|216|209|176|195|250|225|215|176|177 | 183
3 |173]179|189(215|220|237|187(168|170|196|191|181|181|178|176
0.65 1 |181|186|186|206|222|221|224|215|230|221|219|210|188 192|193

kd/mm 2 |178|178|181|217|239|226|213|204|206|244|219|198|176 (172|177

3 |186|186|183|217|227|238|213|191|185|204|202|189|189 191|192

Table 4.8. Comparison of micro and macro hardness values in the CGHAZ region

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

The maximum hardness recorded at the untempered HAZ of the first weld pass with
the heat input of 0.65 kJ mm™ because it corresponds to the shortest cooling period.
However, the mean hardness of the reheated (tempered) part of HAZ of this bead is
between 225 and 230 HV1. The higher secondary cooling temperatures that is close
to the Acs during multi-pass welding, the hardenability and hence overall hardness

decreases [75].
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On the one hand, higher heat input (1.1 kJ mm™) provided longer cooling durations
that limits martensite formation and consequently the mean hardness in CGHAZ (220-
230 HV1). On the other hand, the successive thermal treatment of CGHAZ yielded
LBZs with high hardness. LBZ usually contain untampered martensite embedded in
carbon-enriched retained austenite (M-A) constituents [76]. Improper cooling rates
may preclude the bainite transformation and promote formation of the M-A
constituent [77]. The contribution of M-A constituent to the embrittlement of as-
welded material depends principally on its shape, size, distribution and carbon

concentration.

4.3. The Local Brittle Zones

In micro hardness scanning of weld zones, regions giving peak hardness values are
named as local brittle zones (LBZ). The term is first described in mid 1980s after
different grades of microalloyed steels were subjected to CTOD testing from which
unexpectedly low values have been observed in HAZ region. These zones are small,
hard and brittle phase regions which form in heat affected zones (HAZ) of multi-pass
welds [76]. These LBZs become more problematic as the low temperature toughness
is decreased significantly because of the presence of undesired microstructural
features such as large PAGS, upper bainite, microalloying elements’ precipitates, and
martensitic islands [78]. The M-A islands, or constituents, formed in CGHAZ of the
weld have the most deteriorative effect on toughness of the material among these
features [79]. During the second thermal cycle of CGHAZ formed during the previous
weld run, some partial transformation to austenite takes place at the intercritically
reheated spot of the zone (IR CGHAZ). This partial transformation to austenite occurs
preferentially at the previous austenite grain (PAG) boundaries. This reverted
austenite has relatively high C content as compared to the remaining matrix. Rapid

cooling after the welding operation, together with the high C content, may yield
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retained austenite, as well as the partial transformation to martensite. The spots that
content a mixture of martensite and retained austenite are called martensitic-austenitic
(M-A) constituents.

The IR CGHAZ micrographs of 1.4 kJ/mm, 1.1 kJ/mm and 0.65 kJ/mm weldments
are shown in Figure 4.23, Figure 4.24 and Figure 4.25, respectively. To investigate
the M-A constituents whose volume fraction and size are the key factors for the
toughness decrease [80] LePera etchant [45] was used. Thus M-A constituents are
seen as white, PFs as light brown and GBs as light brown with white tiny M-A islands

with the grains.

The matrix of the structure consists of in the weld with the highest heat input, the M-
A constituents grown along the austenite grains are very small, but they are nearly
connected, i.e. necklace type M-A constituent [81], when compared with the others
(Figure 4.20). Weld having 1.1 kJ/mm heat input has small blocky and lath type M-A
at the grain boundaries (Figure 4.21). On the other hand, 0.65 kJ/mm weld has bigger
and generally blocky M-A along the prior austenite grain boundaries (Figure 4.22).

88



20 pym
b r——————

Figure 4.20. Micrograph of the CGHAZ region of 1.4 kJ/mm weldment (etched by LePera, 1000x)

Figure 4.21. Micrograph of the IRCGHAZ region of 1.1 kJ/mm weldment (etched by LePera, 1000x)
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Figure 4.22. Micrograph of the IRCGHAZ region of 0.65 kJ/mm weldment (etched by LePera)

M-A constituents are hard and brittle due to martensite and the high C content of the
retained austenite. Generally, as the indentation area was bigger than the sizes of M-
A constituents, the micro hardness measurements were less trustworthy to inspect
these hard M-A particles. Lower Vickers hardness values was measured than actual
M-A constituent’s hardness. Since the depth of the indentation was also an issue in
this process the uncertainty is in two dimensions. The Berkovich nano-indentations
give more reliable values for the hardness of the M-A constituents as the indentations
are far smaller than the micro hardness indentations and the depth of indent is

shallower.

Nano indentation measurements on the specimens for 1.15 kJ/mm and 0.65 kJ/mm
yielded different results. The distribution of the hardness values are given in Figure
4.23.

90



30

1.15kJ/mm
| 0.65kJ/mm

y

Count

600 800 1000
Hardness (HVIT)

Figure 4.23. Nano indentation hardness distribution

Mohseni et al [82] suggest that the hardness of M-A constituents is related to its C
content, which was determined to be in between 0.6 and 1.1 wt.% with a cooling rate

of 20 °C/s. Li et al. [83] acquired similarly an average C content of 0.8 wt.% at cooling

rates 15.3 and 6.8 °C/s for the successive thermal cycles.

4.4. M-A Formation

When the peak temperature is between Al and A3, the M-A constituent is considered
to be transformed from the C-enriched austenite region, which was reaustenized in the
second thermal cycle. M-A constituents are generally classified in terms of their
morphology, namely massive (blocky) and elongated (stringer or slender). These
constituents may be isolated or connected (necklace-type). TEM studies by Li et al.
[86] indicated that both blocky-type and slender-type M-A constituent preferred to
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form lath structure (Figure 4.24). Dark field TEM images [19] indicate that the

adjacent laths may have large crystallographic misorientations.

Blocky-type
M-A

500 nm

[/

Figure 4.24. TEM micrographs of the M-A constituent in the IR CGHAZ. (a, c) bright field and (b, d)
dark field micrographs [19]

The higher PAGS promotes formation of acicular ferrite due to high density of
intragranular nucleation sites, such as inclusions. Whereas, the smaller PAGS,
containing a relatively high density of grain boundary nucleation sites, leads to a
microstructure that consists predominantly of bainite. The bainite nucleates at PAG
boundaries and grows as laths that have similar crystallographic orientation and a high
uniform dislocation density[87]. The length of laths is limited by impingement with

other laths, and C-enriched interlath austenite transforms to M-A constituents. On the
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contrary, acicular ferrite grows as randomly oriented laths where M-A constituents are
usually formed as discrete particles. A crack has to be extended through a more
tortuous path in a microstructure where acicular ferrites exist, thereby leading to an
improvement in toughness [88]. Austenite grain size affects the transformation of
martensite and so does the formation of M-A constituents. Yang and Bhadeshia [89]
show the relationship between austenite grain size and the amount of transformation

as below:

M, —-T = % lni{exp (— ln(:n_f)) — 1} + 1] (21)

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

ratio of martensite plates and V, is average austenite volume.

Additionally, Andrews[90] estimates the Ms temperature of the steel with respect to

the alloying elements’ weight percent as:
Mg = 539 — 453C + 15Cr — 16.9Ni — 9.5Mo + 217C? — 715CMn — 67.6CCr (22)

As PAGS becomes larger, the transformation from austenite to martensite increases.
As transformation increases probability of retained austenite decreases. This theory
supports the case that lower amount of retained austenite and thus M-A constituent in
the 1.15kJ/mm weldment, which have larger PAGS than the 0.65 kJ/mm weldment.
On the other hand, due to higher C migration, an increment in local C concentration
occurs. This promotes the decrease of Ms temperature and retained austenite in the

structure.
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The formation of M-A constituents in the IR CGHAZ depends on the CGHAZ
microstructure and the cooling rate. The cooling rate of the second thermal cycle
determines the bainitic transformation from austenite; either lower or upper bainite.
As the cooling rate increases, the transformed product becomes more lower bainite.
The lower bainite consists of sheaves of elongated ferrite crystals with low
misorientations and a high dislocation density, containing quasi-equiaxed M-A
constituents. Whereas, upper bainite consists of parallel ferrite plates separated by low
angle boundaries, and containing both very high dislocation densities and M-A
constituents retained between the plates [25]. Nonetheless, lkawa et al. [91] and
Matsuda et al. [77] experienced M-A constituents increased rapidly when At8/5
became longer than 10-20 secs achieving maximum values and then decreasing due

to decomposition into carbides in ferrite that began after 50 secs.

Not only the fraction, distribution and morphology of M-A particles are important in
terms of the fracture toughness, but also C content of the constituent. C migrate to y
through v/ interface due to the lower C solubility in a.. The M-A constituents in HSLA
steels content from 0.6 up to 2.2% whatever the C content in the matrix is. As an
increase in carbon content results in an increase of the hardness of the martensite,
hardness measurements from M-A constituents having different morphology differs;
800 to 1200 HV for massive and 600 to 800 HV for elongated [92] [93].

Erian [94] found that the strain and the residual stress in as-welded steel grade X70
with the aid of magnetic Barkhausen noise (MBN) and deflection angle versus number
of passes graphs. The number of weld passes, so the heat input of each pass, showed
correlation between each other (Figure 4.25). As the total number of weld passes
increases the magnitude of strain and the residual stress gets lower. The strain in the
multi-phase field increases the total area of the interface of phases, consequently the

rate of C diffusion during the phase transformation increases [95]. Besides, the plastic
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strain of austenite influences the kinetics of ferrite formation; A3 increases [96]. Both
processes promote the C-enrichment in the remaining austenite during cooling after

welding operation.
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Figure 4.25. Relationship between number of weld passes and residual strain [94]
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4.5. Fracture Toughness of CGHAZ

The resistance against the crack initiation under static loads were determined with

single value parameter.
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Figure 4.26. Force vs. CMOD graph of the specimens

4.0

Single & parameters are presented in Table 4.7. All of the specimens were notched

from fusion line (FL).

Table 4.7. Minimum Single 6 (CTOD) values

Specimen HP AW 1 45k3/mm GMAW!1 15kmm GMAW, g5k/mm
a0 (mm) 10.09 10.12 10.76
Aa (mm) 0.46 1.11 0.98
8 (mm) 0.209 0.229 0.627
average (MM) 0.471 0.516 0.696




There are differences between the CTOD values of the two higher heat input
weldments. This may be a result of homogeneous distribution and matching
microstructure. However, these tests were terminated with the occurrence of sudden
force drop, pop-in failure. This phenomenon may be caused by different reasons such
as, initiation of a brittle crack in local brittle zones, M-A constituents in the material,
formation of delaminations on the plane which is perpendicular to the fatigue pre-
crack plane. The fracture surfaces of the materials may help to identify the cause of
the failure (Figure 4.27).

Figure 4.27. Representative fracture surfaces of CTOD tests of

(@) 1.15 kJ/mm weldment (b) 0.65 kJ/mm weldment

The microstructure of the material changes in the course of welding with respect to
the heat input. New phases and precipitates are formed, such as M-A constituents, and

coarsening of grains occur. These will be discussed in Section 4.6.
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4.6. Effect of M-A Constituents on the Crack Extension Resistance

The toughness of the IR CGHAZ strongly depends on the distribution, fraction,
morphology and connectivity of grain boundaries of M-A constituents and the
surrounding microstructure [25]. Comparing with the CGHAZ, the toughness of the
IR CGHAZ is readily lower [22]. Lambert-Perlade et al. [97] suggested both M-A
constituents and coarse upper bainite deteriorate the toughness. The mechanism by
which M-A constituents decrease toughness in IR CGHAZ appear to be due to
cleavage cracking resulting from debonding of M-A constituents or between two
closely separated M-A constituents[98]. Whereas, a limited volume fraction of M-A
constituents, which are uniformly distributed and relatively small, together with
acicular ferrites around are known to provide reasonable strength-toughness

performances, even may be effective as a strengthening mechanism.

Lan et al. [99] suggested that higher heat input leads to larger M-A constituents and
consequently more deterioration in toughness due to debonding mechanism. Hu et al.
[68] support this suggestion. At the stretch zone (i.e. lower stresses) decohesion of
stringer M-A constituents were observed. Whereas at high stresses, cracking of blocky
M-A constituents was observed on fracture surfaces. This variation in the cracking

mechanisms were also observed by Li and Baker [24].

Fracture surfaces of the specimens of single-pass weldments with the heat input of
1.40 kJ mm™* and multi-pass weldments with the heat input of 1.15 kJ mm revealed
anumber of initiation sites, which were close to the stretch zone (in front of the fatigue
pre-crack), from the grains with M-A constituents that were near connected grain
boundary network within the high-angle boundaries (Figure 4.28). Plateau-

metallography efforts provided additional evidence for the interfacial decohesion that
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lead formation of micro-cracks at the necklace-type M-A constituents and the

surrounding matrix (Figure 4.29).

M-A constituents may be regarded as microstructural discontinuities in the CGHAZ
and IR CGHAZ. The critical size of a linear discontinuity can be evaluated using the

equation (23) proposed by Griffith.

o = {”Eﬁ}l/2 (23)

(1-v2)d

where v, is the effective surface energy of the discontinuity, v stands for the Poisson’s
ratio, E is the elastic modulus and d is the length of the discontinuity, which can be
regarded as the maximum width of a necklace-type cluster of M-A constituents. E and
v can be taken 210 GPa and 0.3 according to the tensile tests of the fusion zone and
the parent metal. y, may be assumed as 8 — 14 J m according to Lan et al [10].
Consequently, the calculated oc would be between 1.4 and 2.4 um. The mean M-A
size at low heat input multi-pass weldment is less than the calculated oc but, the mean
M-A sizes at high heat input single- and multi-pass weldments are well above it. M-
A particles in the multi-pass 0.65 kJ mm™ heat input weldments are still detrimental
to fracture toughness but not to the severe extent as in the other weldments. Debonded
M-A particles were still observed on the cleavage facets (Figure 4.30), however

initiation spots were complicated and without a clear initiation site.

Post-test metallographic and fractographic observations suggest that the mechanism
by which the M-A distribution/morphology of deteriorates toughness appears to arise
from debonding due to strength and hardness mismatch that reduces cracking

resistivity of the system.
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Figure 4.28. Fracture surface of the CTOD specimen (1.15 kJ/mm weldment)
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Figure 4.29. Plateau metallography micrograph of the CTOD specimen (1.15 kJ/mm weldment)
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Figure 4.30. Fracture surface of the CTOD specimen (0.65 kJ/mm weldment)
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CHAPTER 5

CONCLUSIONS

Thermal cycles of a welding operation alter the microstructure at the proximity of
joint, namely at HAZ. LBZs formed in HAZ of the weldment deteriorate the
toughness. The lowest toughness is expected in CGHAZ for a single-pass welding
operation, whereas the most degraded spots generally exist in IR CGHAZ. It is widely
acknowledged that M-A constituents in LBZs are responsible from this deterioration

in the toughness.

In this study, the effects of heat input and number of thermal cycles induced during
gas metal arc welding (GMAW) on fracture toughness of pipeline steel grade API 5L
X70M were investigated. Mechanical tests and microstructural examinations were
performed to gain a better understanding of the correlation between the heat input and

formation of local brittle zones.

For heat inputs of 0.65, 1.15 and 1.40 kJ mm™, different peak temperatures and cooling
rates were obtained at CGHAZ. Different thermal routes lead to different CGHAZ and
IR CGHAZ microstructures in terms of morphology and distribution of the M-A
constituents, as well as principal primary phases. Formation of microstructural
features was addressed to prior austenite grains (PAGS) and the time interval for

diffusion-assisted transformations.

Distribution, type and C-content of M-A constituents along PAGs control the fracture

behavior of IR CGHAZ, and negatively affect the local crack extension resistance.
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The amount of heat introduced by a welding operation has a contradictory effect on
the formation of M-A constituents. The following conclusions can be drawn from this

particular study:

e There exists formation of local brittle zones (LBZ) occurs during multi-pass
welding which are the weakest points of HAZ.

e The amount of heat introduced by a welding operation has a contradictory
effect on the formation of M-A constituents.

e The high heat input induces less retained austenite at the CGHAZ in single-
pass welding operations. However, it gives the worst results in terms of CTOD
values.

e In multi-pass welding operations, the high heat input leads to less retained
austenite and M-A constituent due to the relatively large PAGs.

e M-A constituents control the fracture behavior of IR CGHAZ and affect
negatively the crack extension resistance of the material locally.

e The CTOD test results show that, the type and distribution of the M-A is more
effective than the amount of M-A.

e The more M-A containing low heat input weldment gives the best results when
compared with the higher heat inputs.

e The lower in amount but in the form of necklace and lath type M-A
constituents in 1.4 and 1.15 kJ/mm heat input weldments affects the CTOD

values more drastically.

For the future, EBSD analyses and Berkovich nano-indentation surveys should be
conducted in detail within IR CGHAZ region to understand the effect of M-A

constituent better.
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