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Abstract

9% Nickel steel has been widely used for storage of
liquefied gases, oxygen, and nitrogen in
competition with aluminium and austenitic alloys
due to its low cost. The development of 9% nickel
steel with low ductile-brittle transition temperatures
reformed the LNG industry by extensive storage
and transportation. In recent years, the demand for
9% nickel steel fuel tanks increasing due to the
International Maritime Organization regulations on
the reduction of sulphur oxides from 3.5% to 0.5%.
Hence, the LNG fuel tanks made with 9% nickel
steel became a major part of the international
energy industry. However, the weldability,
fabrication cost, and productivity of these steels are
one of the major concerns for manufacturers. Flux
cored arc welding (FCAW) process is the most
commonly used joining method for 9% nickel steel
with Hastelloy fillers. In FCAW, the loss of
deposited metal due to inter pass cleaning by
grinding action caused to a reduction in total
productivity. Demands for higher production, low
cost, better mechanical properties, and reliability
are the main driving forces for new developments in
this area. To achieve these, the most recently
developed “Super-TIG Welding” with C-type filler
was successfully applied to improve the 9% Nickel
steel weldability, productivity and, mechanical and
metallurgical properties of the butt welds. In Super-
TIG welding, alloy 625 filler was used, which is
cheaper and good weldability over the Hastelloy
fillers. The weldability evaluation tests resulted in
improved resistance to hot cracking susceptibility
using Super-TIG welding. The mechanical
properties of the Super-TIG welded joints
performed better than the FCAW joints. Most
importantly, the productivity of the welding
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Rezime

Celik sa 9% nikla se $iroko koristi za skladitenje
ute€njenih gasova, kiseonika i azota u konkurenciji
sa aluminijumom i austenitnim celicima, zbog niske
cene. Razvoj Celika sa 9% nikla sa niskim
prelaznim temperaturama duktilno-krto, reformisao
je  TNG industriju obimnim skladiStenjem i
transportom. Poslednjih godina povecava se
potraznja za rezervoarima za gorivo od Celika sa
9% nikla zbog propisa Medunarodne pomorske
organizacije o smanjenju sumpornih oksida sa
3,5% na 0,5%. Stoga su rezervoari za TNG gorivo
napravljeni od €elika sa 9% niklap ostali glavni deo
medunarodne energetske industrije. Medutim,
zavarivanje, troSak izrade i produktivnost ovih
Celika predstavljaju jednu od glavnih briga
proizvodaca. Postupak zavarivanja punjenom
zicom (FCAW) je najceS¢e koriS¢en nacin spajanja
za Celk sa 9% nikla sa Hastelloy dodatnim
materijalima. Kod FCAW, gubitak nanetog metala
usled meduciSc¢enja postupkom brusenja, uzrokuje
smanjenje ukupne produktivnosti. Potraznja za
vec¢om proizvodnjom, niskim troSkovima, boljim
mehanickim svojstvima i pouzdanoséu su glavne
pokretaCke snage za nova dostignu¢a u ovoj
oblasti. Da bi se ovo postiglo, nedavno razvijeno
L~ouper-TIG zavarivanje®* sa C-tipom dodatnog
materijala,uspesno je primenjeno za poboljSanje
zavarivanja, produktivnosti i  mehanickih i
metalurdkih karakteristika zavarivanja Celika sa 9%
nikla. Pri Super-TIG zavarivanju koriséen je dodatni
materijal od legure 625, $to je jeftinije i postic¢e bolje
zavarivanje u odnosu na Hastelloy dodatne
materijale. Testovi za ocenjivanje zavarivanja
rezultirali su poboljSanom otpornoséu na vruce
prsline pomoc¢u Super-TIG zavarivanja. Mehanicke
osobine Super-TIG zavarenih spojeva su bolje od
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dramatically improved by Super-TIG welding.
Super-TIG welding is capable of producing higher
feeding rates with clean beads. Therefore, the alloy
625 C-Filler and avoidance of inter pass cleaning in
Super-TIG  welding resulting in increased
productivity. The newly developed Super-TIG
welding achieved many things to obtain satisfactory
products in the recent welding industry.

1. Introduction

In recent years, the demand for liquified petroleum
gas (LPG) and liquified natural gas (LNG) is
continuously increasing for the avoidance of
environmental pollution. There are different types of
LNG carriers developed for transportation and
storage across the countries. According to the
International Maritime Organization (IMO), LNG
carriers classified into two types, such as
independent and membrane types [1]. The 9% Ni
steel was initially developed by the International
Nickel Company (INC) in 1942. At the first time, 9%
Ni steels had applied to the liquid oxygen tanks in
the year of 1952, and then it has been used most
commonly for the inner walls of LNG fuel tanks ever
since as ferritic grade steel for sub-critical
temperature applications [2].

Moreover, 9% Ni steel proved to have enhanced
notch toughness at liquid nitrogen temperature and
to provide a sturdy welded vessel at -196 °C
without any heat treatment methods after welding.
The excellent of high strength and toughness
properties obtained due to the alloying addition of
9% Ni as a primary source of steel. These steels
mainly used in connection with the transportation
and storage of LNG [3]. The fabrication of these
steels raised more significant issues to get defect
free joints. Even though it is continuously using for
the construction of LNG vessels and its demand
does not fall because of their excellent fatigue
strength and toughness. The steels of 9% Ni is
extensive uses in the vessels as an inner wall of
the fuel and storage tank owing to the outstanding
fracture toughness at the cryogenic environment of
-196 °C [4]. Therefore, the inner wall of the 9% Ni
directly contacted with the LNG. The LNG tank
constructed only with welded structures. However,
the formation of weld defects such as pores, lack of
fusion, undercuts, and inclusions can significantly
deteriorate the fracture strength of the welded
structures. The evaluation of heat affected zone
(HAZ) properties of the variety of steels by
experimental and simulation methods, impact tests,
and metallurgical characterization investigations
performed. The identification of the 9% Ni steels
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FCAW spojeva. Ono §to je najvaznije,
produktivnost zavarivanja dramatic¢no je poboljSana
Super-TIG zavarivanjem. Super-TIG zavarivanje
moze stvoriti veCe brzine dodavanja sa Cistim
zavarima. Stoga legura od 625 C-dodatni materijal i
izbegavanje  meduciS¢enja  kod  Super-TIG
zavarivanja rezultuje poveéanom produktivnoscu.
Novorazvijeno Super-TIG zavarivanje postiglo je
mnoge stvari kako bi dobilo zadovoljavajuce
proizvode u sadasnjoj industriji zavarivanja.

1. Uvod

Poslednjih godina potraznja za te¢nim naftnim
gasom (TNG) i teCnim prirodnim gasom (TPG)
kontinuirano raste kako bi se izbeglo zagadenje
zivotne sredine. Postoje razliciti tipovi snabdevanja
razvijeni za transport i skladistenje TPG Sirom
zemalja. Prema  Medunarodnoj  pomorskoj
organizaciji (IMO), prevoznici za TPG klasifikovani
su u dve vrste, kao Sto su nezavisni i membranski
tip [1]. Celik 9% Ni je inicijalno razvila
Medunarodna kompanija nikla (INC) 1942. godine.
Prvo se Celik sa 9% Ni nanosio na rezervoare za
te€ni kiseonik 1952. godine, a zatim se naj¢escée
koristil za unutradnje zidove rezervoara za gorivo
TPG jo$ od feritne klase Celika za primenu na
kriti€énim temperaturama [2].

StaviSe, pokazalo se da ¢&elik sa 9% Ni ima
poboljSanu zareznu Zilavost na pri temperaturi
te€nog azota i daje &vrst zavareni sud na -196 ° C
bez ikakvih metoda termi¢ke obrade nakon
zavarivanja. lzvrsna svojstva visoke CcCvrstoce i
Zilavosti koja su dobijena legiranjem sa 9% Ni iz
primarnog Celika. Ovi &elici uglavhom se koriste u
vezi s transportom i skladidtenjem TPG [3]. Izrada
ovih Celika pokrenula je znacajnije probleme da se
dobiju spojevi bez greSaka, lako se kontinuirano
koristi za izgradnju posuda za TPG, njegova
potraznja ne opada zbog odlicne C¢vrstoce i
Zilavosti. Celici od 9% Ni su u Sirokoj upotrebi u
posudama kao unutra$nji zid rezervoara za gorivo i
zahvaljujuéi izuzetnoj Zilavosti loma u kriogenom
okruzenju od -196 ° C [4]. Stoga je unutrasnji zid
Celika sa 9% Ni u direkthom kontaktu sa TPG.
Rezervoar za TPG je konstruisan samo kao
zavarena konstrukcija. Medutim, nastanak
oSteCenja zavara kao Sto su pore, nedostatak
stapanja, zajeda i ukljuaka, mozZe znacajno
pogorsati ¢vrstocu na lom zavarenih konstrukcija.
Sprovedena su procenjivanja svojstava zona pod
uticajem toplote raznovrsnih Celika,
eksperimentalnim i  simulacionim metodama,
ispitivanjima udara i metalurSkom karakterizacijom.
Identifikovano je da €elik sa 9% Ni ima visok nivo
udarnih svojstava na niskim temperaturama, to se
zahvaljujuéi finozrnom strukturom nikl-ferita opusta
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have a high level of low-temperature notch impact
properties, which owes to the fine-grained structure
of the nickel-ferrite is relaxed from the emobrittled
carbide networks. However, the weldability of 9%
Ni steel is excellent, when the proper filler materials
used for welding. Moreover, this steel is not
susceptible to cracking and exhibits the low amount
or almost no degradation of weld properties by the
influence of heat input during welding. The
maximum allowable heat input for manual welding
suggested that is about 3 kJ/mm and the range of
inter-pass temperature is 100-150 °C. The cooling
rate is a critical factor for these heat treated steels
to determine the final microstructure of the weld
and HAZ regions. The effect of heat input has many
effects on the formation of HAZ toughness and
differs widely, which indicates the change in the
fine microstructure of the HAZ [5, 6].

Other than these process-related problems, the
selection of proper filler material is a crucial factor
in obtaining high strength joints without any
problems. However, there are no proper filler
materials developed for this material. The filler
materials are selected based on the base material
composition that is similar, but not identical to the
substrate composition. The most commonly used
welding consumables for welding of 9% Ni steel are
high Ni alloys such as the Hastelloy and Inconel
materials. Even though the mechanical strength of
the filler materials is lower than that of the 9% Ni
steel, the fractures are ductile and are same at the
cryogenic temperatures; it is due to their full
austenitic phase [7]. There are different grades of
filler materials are recommended for welding of 9%
Ni steel such as flux cored arc welding (FCAW),
shielded metal arc welding (SMAW), and gas metal
arc welding (GMAW), gas tungsten arc welding
(GTAW) and submerged arc welding (SAW). The
using of FCAW wires for the welding of LNG tanks
which are the made of 9% Ni steel has limitation
due to the tight control of welding parameters in a
narrow range is needed to avoid the formation of
hot cracks. Most of the FCAW wires were
producing with Hastelloy, which are usually using
for welding of 9% Ni steel.

As per the above discussion, the welding of 9% Ni
steels is for the construction of LNG fuel tanks
usually welded with Ni-Mo or Ni-Cr filler materials.
Because of this, the total cost of the welded
structures of 9% Ni steel is high compared to the
other materials. Some of the studies recommended
to reduce the price of the welded structures using
the same composition of filler materials, but using
these the control of heat input is challenging. The
using of higher heat inputs caused the reduction in
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iz krtih karbidnih mreza. Medutim, zavarljivost
Celika sa 9% Ni je odlicna, kada se kpriste
odgovaraju¢i dodatni materijali. Stavise, ovaj &elik
nije podlozan prslinama i pokazuje malu ili gotovo
nikakvu degradaciju svojstava usled unosa toplote
tokom  zavarivanja. Predlozeni maksimalni
dozvoljeni unos toplote za ru¢no zavarivanje je oko
3 kJ / mm, a raspon meduslojne temperature je
100-150 °C. Brzina hladenja je kriticni faktor za ove
termicki obradene Celike za odredivanje konacne
mikrostrukture Sava i ZUT. Uc¢inak unosa toplote
ima brojne efekte na Zilavosti ZUT i Siroko se
razlikuje, Sto ukazuje na promenu fine
mikrostrukture ZUT [5, 6].

Pored ovih problema koji se ti€u postupka, izbor
odgovarajuéeg dodatnog, presudan je faktor u
dobijanju spojeva visoke C¢&vrstoCe bez ikakvih
problema. Medutim, za ovaj materijal nisu razvijeni
odgovarajuéi dodatni materijali. Dodatni materijali
su izabrani na osnovu sastava osnovnog materijala
koji je slican, ali nije identi€an sastavu osnove.
NajCescée koris¢eni dodatni materijal za zavarivanje
Celika sa 9% Ni, su legure sa visokim sadrzajem Ni
kao Sto su Hastelloy i Inconel. lako je mehaniCka
¢vrstoéa dodatnog materijala manja nego kod
Celika sa 9% Ni ¢elika, lomovi su duktilni i isti su na
kriogenim temperaturama; to je zbog njihove
potpune austenitne faze [7]. PreporuCuju se
razliCite vrste dodatnih materijala za zavarivanje
Celika sa 9% Ni, kao Sto su zavarivanje punjenom
zicom (FCAW), oblozenom elektrodom (SMAW) i
elektroluéno zavarivanje u zastiti gasa (GMAW),
zavarivanje netopivom elektrodom od volframa u
zastiti gasa (GTAW) i zavarivanje pod praskom
(SAW). Upotreba punjenih zica za FCAW za
zavarivanje rezervoara za TPG koji se izraduju od
Celika sa 9% Ni ima ograniCenja zbog oskudne
kontrole parametara zavarivanja u uskom rasponu,
kako bi se izbeglo stvaranje vrucih prslina. Vecina
FCAW Zica se proizvodi od Hastelloya koji se
obi¢no koriste za zavarivanje Celika sa 9% Ni.
Prema gornjoj diskusiji, zavarivanje Celika sa 9% Ni
namenjeno je za izradu rezervoara za TPG gorivo,
obiéno zavarenih sa Ni-Mo ili Ni-Cr dodatnim
materijalima. Zbog toga su ukupni troSkovi
zavarenih konstrukcija od Celika sa 9% Ni, visoki u
poredenju s drugim materijalima. Neke studije
preporuCuju da se smanje cene zavarenih
konstrukcija koristeéi isti sastav dodatnih materijala,
ali upotrebom ovih materijala, kontrola unosa
toplote postaje izazov. Upotreba vecih unosa
toplote uzrokovala je smanjenje Zilavosti metala
Sava. Moze biti povezana sa zadrzanom
mikrostrukturom austenita u metalu Sava.
Medutim, kontrola unosa toplote u
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the toughness of the weld metal. It may be related
to the retained austenite microstructure in the weld
metal. However, the control of heat input in the
conventional welding process of FCAW and GTAW
is difficult due to the higher requirements of
deposition rates. To make it easier the control of
heat input rate with respect to deposition rate
“Super-TIG” welding process has been
investigated. Super-TIG welding is a newly
developed TIG/GTAW welding process with the
using of C-Filler instead of circular filler. The Super-
TIG welding was invented in 2013 by Sang-Myung
Cho, Super-TIG Welding Co. Ltd. Korea [8-10].
Super-TIG welding applied successfully to various
applications such as wire arc additive
manufacturing, thick plate welding of Ni-based
alloys, stainless steel alloys, pipe welding, overlay
clad welds with high deposition and with moderate
heat inputs. The feature of Super-TIG welding is
high  productivity compared to conventional
TIG/GTAW welding processes [11].

The present investigation aims to enhance the
productivity of the welded structures of 9% Ni steel
using Super-TIG welding. In addition to this, the
problem of hot cracks in the weld metal minimized
with the deposition of clean weld metal and
reduction of low-temperature inclusions generation
by Super-TIG welding. If Super-TIG welding applied
to 9% Ni steel, it could adopt low-cost Inconel filler
instead of expensive Hastelloy, which is using for
FCAW. Moreover, the productivity of Super-TIG
welding determined over the FCAW. The Fisco hot
crack tests were conducted to evaluate the hot
crack in the Super-TIG and FCAW weld metal. The
superior welds without hot cracks and high
production rate obtained by using a newly
developed process of Super-TIG welding.

2. Experimental Procedure

In the present study, the base material of 9% Ni
steel with a thickness of 20 mm used for butt
welding and Fisco hot crack tests. The joint design
for butt welding prepared with the groove angle of
60°, the width of plates is 300 mm, the root gap
between plates is 3 mm, and a length of plates is
600 mm. Fig. 1 shows the butt joint configuration
and macrostructure of the final welded joint. The
back side of the weld such as root weld was
deposited on the groove which was applied a
process of air gouging. The joints were made using
of Super-TIG welding with a Alloy 625 C-Filler
(Super-TIG welding Co. Ltd. Korea) with a shielding
gas of Ar+7%H2. The deposition completed for
welding within 6 passes on the front side and 2
passes on the backside.
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konvencionalnom postupku zavarivanja FCAW i
GTAW je teSka zbog veéih zahteva brzina
deponovanja. Da bi se olak3ala kontrola brzine
unosa toplote u odnosu na brzinu deponovanja,
ispitan je ,Super-TIG* postupak zavarivanja.Super-
TIG zavarivanje je novorazvijeni TIG / GTAW
postupak zavarivanja sa kori§¢enjem C-dodatnog
materijala umesto kruznog dodatnog materijala.
Zavarivanje Super-TIG izumeo je 2013. Sang-
Miung Cho, kompanija Super-TIG Welding Co. Ltd.
Korea [8-10]. Super-TIG zavarivanje uspesSno se
primenjuje u raznim primenama kao Sto su aditivha
proizvodnja elektroluénim zavarivanjem Zicom,
debelih plo¢a od legura na bazi Ni, nehdajuceg
Celika, zavarivanje cevi, izardi plakatura sa velikim
brzinama deponovanja i sa umerenim unosom
toplote. Karakteristika Super-TIG zavarivanja je
visoka produktivnost u poredenju sa
konvencionalnim postupcima zavarivanja TIG /
GTAW [11].

Cilj ovog istrazivanja je povecéanje produktivnost
zavarenih konstrukcija od Celika sa 9% Ni koristeci
Super-TIG zavarivanje. Pored toga, problem vruéih
prslina u metalu Sava, sveden je na minimum
problem sa deponovanjem Cistog metala Sava i
smanjenjem stvaranja niskotemperaturnih
uklju¢aka. @ Ako bi se Super-TIG =zavarivanje
primenjivalo na Celik sa 9% Ni, umesto skupog
Hastelloy-a, koji se koristi za FCAW, mogao bi da
se koristi jeftiniji Inconel. StaviSe, produktivnost
Super-TIG zavarivanja odredena je kao veca od
FCAW. Srovedeni su Fisco testovi kako bi se
procenile vruée prsline u metalu Sava izvedenih
postupcima Super-TIG i FCAW. Vrhunsko
zavarivanje bez vrucih prslina i visoke proizvodne
stope dobijene su koriS¢enjem novorazvijenog
postupka zavarivanja Super-TIG.

2. Eksperimentalni postupak

U ovoj studiji, osnovni materijal Celik sa 9% Ni,
debljine 20 mm Kkoristi se za su€eono zavarivanje i
Fisco test na vruée prsline. Dizajn spojeva za
suceono zavarivanje pripremljen je sa uglom Zljeba
od 60° Sirina ploa je 300 mm, razmak izmedu
plo¢a je 3 mm, a duzina ploéa 600 mm. SI. 1
prikazuje  konfiguraciju = suCeonog spoja i
makrostrukturu konaénog zavarenog spoja. Na
konra stranu Sava, kao koreni zavar napravljen je
Zlijeb koji je primijenjen postupkom Zljebljenja
vazduhom. Spojevi su napravljeni koris¢enjem
Super-TIG zavarivanja sa legurom 625 C-dodatnim
materijalom (Super-TIG zavarivanje Co. Ltd.
Koreja) sa zastitnim gasom Ar + 7% H2. NanoSenje
je zavrSeno zavarivanjem u 6 prolaza na prednjoj
strani i 2 prolaza na kontra strani.

-Kraj 1. dela NASTAVAK U SLEDECEM BROJU
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