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TepmooOpaboTaHHBIE KOHCTPYKIIMOHHBIE XJIAJIOCTOMKHE CTAHM C COJEepKaHHeM HHUKeIs 10 9%
CUHTAIOTCS HanOoJee MOAXOIIIINM II0 CBOMM CTOMMOCTHBIM IIOKAa3aTeNsIM MaTepHaioM st
W3TOTOBJICHHUS JJIEMEHTOB KPHOTEHHBIX CHCTEM B Pa3IMYHBIX CETMEHTaX JSHEPreTHYECKOTro
MaIIPHOCTpOoeHUA. JlaHHBIM THI cTamell  XapaKTepU3yeTcs BBICOKMMH INPOYHOCTHBIMH
MOKa3aTeIsIMA B COYCTAHHH C BBICOKAMH 3HAYCHHUSAMHU YIApHOW BSI3KOCTH IIPU TEMIIEpaTypax
JKcIUTyatauuu 10 -196 oc. st cBapkd XJaJOCTOMKHX HHMKEJNbCOACPXKAIIUX  CTalei
PEKOMEH/IOBaHbl, 1 B HACTOSIIEE BpEeMs IIUPOKO HCHIOJIB3YIOTCS MpHUCATOYHble MaTepuaibl Ha
ocHoBe Hukens. OCHOBHOHM mpoOJieMoi 3TOT0 BBIOOpa SBIISCTCS CHIDKCHHUE Mpeseia TeKYYeCTH
MeTajljla CBapHOro IIBa, KOTOPOE KOMIIEHCHUPYETCS 3a CUeT YBEJIWYEHHs] TOJIIMHBI CTEHKU
m3nenus. [Ipucamounsie MaTepraisl HA HUKEIEBOH OCHOBE OTHOCHTEIBHO JOPOTH M HEOOXOANMBI
B OOJIBIIIOM KOJIMYECTBE IJIS 3AIIOJIHEHHS Pa3esIOK MOl MHOTOIIPOXOAHYIO CBApKy. JTH (haKTOpHI
3HAYUTEIbHO YBEIMYHMBAIOT 3aTPaThl IPH HM3TOTOBICHHUH KPYMHOTAOAPUTHBIX TOJICTOCTCHHBIX
W3IENNi, KaK HalpuUMep pe3epBYapoB IS XpaHEHHS COKMKCHHOTO MPHUPOIHOTO ras3a. [lo sTmm
NPUYAHAM, OCBOCHHE HOBBIX CBAapOYHBIX TEXHOJIOTHH MIPEACTaBIACT OONBIION AKOHOMHYECKHH
uHTEepec. 3HAYUTEIBHBIN MOTEHINA TpEeAaraloT METOIbl CBAPKH, OCHOBAaHHBIC Ha NPHMEHEHHH
COBPCMCHHBIX BBICOKOMOIITHBIX ONTOBOJOKOHHBIX Ja3epoB. JlazepHBId Jy4 MPHBOIUT K
BO3HMKHOBEHHUIO TOpa3fgo MEHbIIEH 30HbI IUIABJICHHUS IO CPAaBHEHHUIO C TPAAULKUOHHBIMU,
JIYTOBBIMH TporeccaMu. [Ipu 3TOM yMEHBIIaeTCs TEIUIOBas Harpy3ka Ha OCHOBHOM MeETallL
MerTamt mBa 1Mo CBOEMYy XHMHYCCKOMY COCTaBY M NMPOYHOCTHBIM CBOMCTBaM MHPUOIHKACTCS K
OCHOBHOMY MeTauty. PopMa pa3felku IMOJA Ja3epHYyl0 CBApKy TOJCTOCTEHHBIX M3AEIUi
MoJIpa3yMeBaeT HaJMYMe BBICOKOTO MPUTYIUIEHUS TMPOIUIABISIEMOr0 3a OJIWH MPOXOJ, 4YTO
MO3BOJISIET 3HAYUTENIFHO COKPATHTh KOJMYECTBO IPHCATOYHOTO MaTepuajia, HEOOXOTUMOTO st
3amoyHeHUA pa3fenkd. Jlo HacTOSIIero BpPeMEHH IOAPOOHBIE HCCIEIOBAHUS OTHOCHTEIBHO
MPUMEHEHHUsI JIa3epPHBIX TEXHOJOTHM JUIsI CBAPKH XJIaJOCTOMKONW HHUKEIhCOAEpIKallleld CTallu He
OBLITH MPOBEICHBI.

B nacrosieit paboTe paccMOTpeHBI 0COOCHHOCTH (POPMHUPOBAHUS CBAPHOTO IIIBA IIPH JIA3EPHOH U
THOPUIHOW J1a3epHO-IYTOBOM CBapKe JIMCTOB XJIAJIOCTOMKON HHKEIbCOICpIKAIIeH CTaiH
tommmHod 11,5 MM. PexkomenmoBaHBl mapaMeTpsl mpolecca, OoOecredMBalomue CTaOHiIbHOE
MPOTUIABJIICHUE CTHIKA M paBHOMEpHOe (popmupoBanume KopHS miBa. C MOMOIIBIO AIIEKTPOHHO-
30HZIOBOTO MHKpPOAHAIHM3a OIpeelicHa TIyOMHa TPOHWKHOBCHHS U HCCICIOBAaH XapakTep
pacmpeneNieHusl TPUCAJOYHOW TMPOBOJOKKM B  y3KOM THOPUIHOM JIA3€PHO-TYrOBOM  IIIBE.
HcnpiTanus Ha pa3pblB HE BBISBIIIM CHUDKCHUS IMPOYHOCTHBIX CBOMCTB KakK JIA3€PHBIX, TaK U
THOPHUIHBIX Ja3epHO-AYTOBBIX IIBOB. Pa3pylieHHe HCOBITAHHBIX OOpa3loB IPOHUCXOIUT IO
OCHOBHOMY METaJUTy BJAJIM OT CBAPHOTO IIIBA.

Knrouesvie cnosa: xnagocToMkue CTajdd, HHUKEIbCOAEpIKalllue CTajd, Jia3epHas CBapka,
TepeMeIInBanne, MpeeT MPOIHOCTH.
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INTRODUCTION

As the world searches for cleaner energy sources, one that shows great promise now and
in the years to come is natural gas. Burning cleaner than oil, and much cleaner than coal as
well as being abundant, natural gas is an obvious choice to meet the worlds increasing energy
needs while meeting increasingly tight restrictions on CO, [1, 2, 3]. Natural gas resources are
typically located away from the areas of consumption, making transportation and storage of
large quantities of natural gas necessary. Storage and transportation of natural gas can be done
more efficiently when it is cooled below -165°C and liquefied. The reason for this step is
LNG takes up 1/600"™ the volume compared to natural gas at room temperature.

LNG is stored in large, specifically designed underground or aboveground cryogenic
storage containers. The aboveground, flat-bottomed, cylindrical LNG tank design is more
commonly used throughout the world [4, 5]. The typical cryogenic storage containers are
comprised of an inner and an outer shell. The inner shell, so-called primary container, is made
from cryogenic steel enclosed in the outer shell, made either from carbon steel or pre-stressed
concrete.

Over the last 20 years aboveground storage tank capacities have grown in size by a
factor of two. With capacities of 80.000 m” in the 80s the capacities of 140.000-160.000 m’
are now common, and trending to capacities up to 200.000 m’. The inner shell of such large
tank has a diameter of 84 m and a height of 38 m and is constructed from many 9%N:i steel
sheets that are welded together. To reach this tank capacity, plates that are 50 mm thick are
required. The length of welds totals to roughly 3200 m.

Heat treated 9%Ni steel exhibits superior mechanical properties at operating
temperatures at a reasonable price and is commonly used for the construction of inner shells
of LNG storage tanks. The excellent low temperature impact toughness of tempered 9%Ni
steel is the result of a fine grained structure of tough nickel-ferrite with small amounts of
stable austenite formed by tempering [6, 7]. Ni based welding consumables is the preferred
filler material of choice in LNG tank construction [6, 8, 9].

Currently most welds during the construction of LNG tanks are preformed using
conventional arc welding processes, i.e. shielded metal arc welding (SMAW), gas metal arc
welding (GMAW), gas tungsten arc welding (GTAW) and submerged arc welding (SAW)
[10]. Ni based filler materials have great resistance to brittle failure at operating temperature
(-165 °C) and hence have provided excellent safety record for LNG tanks. The high resistance
to brittle failure results in a filler metal with lower strength than the base metal (BM). The
design codes compensate for this lack of strength by increasing the thickness of the tank wall
to ensure the welds do not fail.

Typical groove configuration for SMAW, GTAW and SAW used for joining 9%Ni steel
plates is double sided groove with an beveling angle at about 60°. The filling of such welds
using conventional welding methods is time consuming and requires a large amount of
expensive filler material. Industry has expressed interest in looking for ways to increase the
speed of production and reduce the amount of material needed for the construction of LNG
tanks. Some obvious places to start looking to reduce the cost/time of production are in the
welds. Options include creating stronger welds to increase the maximum allowable stress in
the wall material, utilizing less expensive filler material, creating joint geometry that requires
less filler material and less welding passes and using faster joining processes. For these
reasons new welding technologies are the focus of interest. Big potential can be seen in laser
based welding techniques.

Autogenous laser welding provides deep penetrating welds. It is much faster than
manual arc techniques and can be easily automated. However, laser welding is not without
drawbacks; one of them is the need for near perfect part fit-up which is not always possible.
This limitation arises due to the small diameter of laser beam, which is (depending on laser
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source and focusing optic) about 0.4 — 0.5 mm in the focal plane. Gap sizes above this limit
are difficult to bridge. Lack of fusion is a typical weld imperfection in oversized gaps. High
precision in the positioning of the laser beam to the joint is needed. The second drawback of
autogenous laser welding is the short thermal cycle and the associated high cooling rate. For
high strength steels, which include cryogenic 9%Ni steel and others that are common to the
oil and gas industry, these fast cooling rates can lead to the formation of unfavorable hard and
brittle martensitic microstructure. Martensite has detrimental effects on the mechanical
properties of the steel; reducing ductility, fatigue life and fracture toughness.

A solution to this issue of tight tolerances on part fit up can be slightly alleviated by the
addition of filler material. Welding wire can be added to the molten pool either with an arc or
in a cold wire configuration. Hybrid laser-arc welding (HLAW) and laser cold wire welding
are quite well known welding processes. They are robust and therefore worth considering for
the welding of thick walled constructions, for example LNG tanks.

A certain concentration of filler material in the fusion zone (FZ) is needed in order to
improve the mechanical properties of the weld joint. Laser welds have a thin deep FZ profile.
The transportation of filler material in the depth of these thin laser welds is a technical
challenge. Recent studies have shown that the maximum penetration depth of filler material
by hybrid laser-arc welding is limited to 13 ... 15 mm [11, 12]. It has to be mentioned that the
distribution of the wire feeding elements becomes very inhomogeneous starting at roughly
4 mm from the top side of the weld. It is unclear if such distribution of alloying elements is
adequate to aid in the recovery of mechanical properties in the weld joint. The question
regarding the necessary percentage of Ni to achieve the required toughness for LNG tanks is
of a big practical interest.

In the frame of this study trials of HLAW and laser cold-wire welds were compared to
laser only welds. Peculiarities of welding process stability and weld formation were
documented and analyzed. The focus of welding trials was also the maximizing the filler wire
penetration depth without causing cracks. Using EPMA of %Ni, hardness mapping and
optical microscopy the effectiveness of hybrid verses cold-wire laser welding regarding the
achievable mechanical characteristics of the welds was determined.

1. EXPERIMENTAL

A fiber laser YLR-20000 (IPG) with max power output of 20 kW and beam parameter
product (BPP) of 11.5 mm x mrad supplied the laser power through a fiber optic cable with a
core diameter of 200 um. Laser optics BIMO-HP (HIGHYAG) was used to focus the beam to
a spot size of 0.5 mm with a focal length of 350 mm. The arc and filler wire was supplied via
a Qineo Pulse 600 (CLOOS) power supply. Welding process arrangements are shown in
Figure 1.
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a)
Figure 1 — Welding process arrangements; laser welding (a); laser cold wire welding
(b); hybrid laser-arc welding (c)
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Top side shielding gas was adjusted from pure Ar in laser only and laser cold wire
welding, to Ar+30%He for hybrid laser-arc welding to help with arc stability. In the case of
laser welding the shielding gas has been supplied through the lateral nozzle (Figure 1a). A
GMA-torch was mounted on the optics to provide hybrid as well as cold wire process. The
angle between GMA-Torch and laser beam axis was 25°. The distance between laser beam
and wire tip for the laser cold wire was zero (Figure 1b) and for the hybrid process it was
between 4 mm and 5 mm (Figure Ic). The HLAW process was performed in leading arc
configuration.

European Standard EN10028-4 was followed for the selection of the materials for these
experiments. The base material was X8Ni9, its exact composition was determined by Optical
Emission Spectrometer (OES) and is displayed in Table 1. Notably the Ni content for the
selected base metal falls within the standards acceptable range of 8.5-10.0 wt%. The filler
material has been chosen according to recommendation DVS 0955 [9]. The composition of
Ni-based filler wire Thermanit 625 (ERNiCrMo-3) is also in Table 1. The filler wire and base
metal have very similar mechanical properties (Table 2). However one notable difference is
the higher tensile strength of the filler wire, achieved through alloying of Molybdenum and
Chromium.

Table 1 — Composition of materials used, shown in wt%

Material /
Element C Si  Mn P S Cr Ni Cu Mo Nb Fe
X8Ni9
(BAM analysis) 0.05 0.22 0.52 0.006 0.002 0.02 8.8 0.05 0.01 0.01 >90
Thermanit 625 0.03 0.25 0.2 - - 22.0  bal. - 90 3.6 <10

Table 2 Mechanical properties of materials used (reference values)

Yield Tensile Charpy value at -196°C
Material strength in strength in inJ
MPa (min) MPa (min) Transverse Longitudinal
X8Ni9 (normalized base metal) 490 640 40 50
Thermanit 625 460 740 40

Welding specimen preparation included cutting the base material to
80 mm x 250 mm x 11.5 mm sheets with mille edges. The plates were then tacked with no
gap nor misalignment. The root side was shielded with pure Ar and a focus position Az of
3 mm below plate surface was used for all welds preformed. Welding parameters can be seen
in Table 3.

Table 3 Welding parameters

Welding parameter / Process Laser Laser cold wire ~ Laser hybrid
Laser power in kW 12.7 ... 13.8 13...15 11...13
Welding speed in m/min 1.5...2 2 1.8...3
Peak arc current in A - - 365
Peak arc voltage in V - - 35
Wire feed speed in m/min - 2...25 5...12
Wire diameter in mm - 1.2 1.2
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2. RESULTS AND DISCUSSION

Series of welds have been performed with all three welding techniques. Parameter
variation in the ranges given in Table 3 was used to achieve stable and reproducible welds
with the best surface and root quality possible. Selected welds have been subjected to
extensive metallographic examinations and mechanical-technological tests. X-ray
examinations were made on most welds. No crack-like defects could be detected within the
range of X-ray resolution.

2.1 Weld seam formation and microstructure

Autogenous laser welding

Recommended parameters for autogenous laser beam welding for 11.5 mm thick X8Ni9
is a laser power at 13.8 kW with welding speed of 2 m/min. The result is the crack free weld
with abot 1 mm undercutting on the top side due to the material vaporization and spattering.
The narrow FZ (~1-2 mm wide) is characteristic for such deep penetrated autogenous laser
welds operating in keyhole mode. A macrograph of a laser only weld cross section is
displayed in Figure 2a. The heat affected zone (HAZ) is also very narrow due to the high
energy density of this welding process. Figure 2b shows the fusion boundary. Figure 2c is the
FZ at higher magnification. The rolling direction is visible up to the fusion boundary where
the weld metal (WM) microstructure becomes present, as seen in part b) of Figure 2. Weld
metal microstructure of the autogenous laser weld is comprised of mostly untempered
martensite with some ferrite throughout.

b) & ]

s

a) L Pioer 13.8 KW: Voo 2 m/min

Figure 2 — Autogenous laser weld (a), varying magnifications of the same weld with focus on the fusion
boundary (b) and weld metal (c)

Laser cold wire welding

The welding process has been adjusted so that the feeding wire was fed into the laser
beam about 1 mm above the specimen surface and melted, then the molten wire metal was
moved down to the keyhole under the force of gravity (Figure 3). The result was a well-
shaped weld with minimal undercutting on the top-side and the excess weld material on the
root-side (Figure 4a). Recommended parameters for laser cold wire welding is a laser power
at 14 kW, welding speed of 2 m/min with a wire feeding speed of 2 m/min as well. An
increasing of the wire feeding speed up to 2.5 m/min resulted in unstable wire melt-off due to
the increase in relative speed between wire and specimen surface. The angle between the wire
axis and specimen surface was 75°, what is quite steep. The rather unfavorable wire feeding
angle in combination with the higher relative speed caused the wire to stumble on the cold
specimen surface and deflected out of the laser beam path. Un-melted pieces of welding wire
were frozen on the top of the weld and could be observed on the weld surface (red ovals in
Figure 4b).
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Figure 3 — Laser cold wire welding Figure 4 — Outer appearance of laser cold wire welds; with 2 m/min
process observed with high speed wire feeding speed (a); with 2.5 m/min wire feeding speed (b)
camera

In the macrograph (Figure 5a) the general shape and dimensions of the laser cold wire
weld are comparable to the laser only weld (Figure 2a). A more careful analysis will reveal
the Ni rich filler material (white regions) to be penetrating to a depth of ~6 mm from the top
of the weld, although the character of the dilution is very inhomogeneous.

a)

Figure 5 — Cold wire laser weld (Pyyser 14 KW Vg 2 m/min; vy 2 m/min), varying magnifications with focus
on the fusion boundary and FZ: general shape (a); top part (b, c); middle (d) and root part (e)

The fusion boundary of the top side is shown (Figure 5b). There are noticeable Ni rich
areas of mixing. These areas are band-like in morphology and give evidence to the turbulent
movement of the molten metal in the weld pool during the welding. Figure 5c displays the
cellular dendritic solidification of the Ni rich areas. Austenitic structure is quite prominent in
the top part of the weld. The penetration pattern becomes narrow and stops abruptly at the
middle of the plate thickness (Figure 5d). Some porosity with a maximum pore diameter
50 um is visible. Such discontinuities are subcritical and acceptable in the welding code for
LNG tanks. The presence of filler material at the bottom side of the weld could not be
detected by visual observation. The microstructure at the root side of the weld is martensite
and ferrite (Figure Se). Further quantifying details to the distribution of feeding wire alloying
elements in the weld cross section will be given in the next section.

Hybrid laser-arc weld

The main problem at the hybrid laser arc welding of the 9%Ni steel was the formation
of the excessive root with frozen droplets, so called root humping (Figure 6a). This
phenomenon occurs due to the higher viscosity of molten Ni based wire used. The options for
influencing the root humping were to reduce the arc pressure on the molten pool or to increase
the traveling speed to avoid droplets formation. An appropriate weld root could be achieved at
quite low wire feeding speed 5 m/min, welding speed 2.0 m/min and laser power 12.6 kW.
The slight arc pressure on the top side of the weld in this case was not able to press the molten
metal out of the weld root. The result was a stable weld without excessive root droplets
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(Figure 6b). However, it is questionable if this technique is robust enough to be used in
practice. The wire feeding speed was too low, not enough filler material was feed into the
process and the arc transfer mode tended to be globular. A better way to stabilize the process
was an increase of welding speed from 2 m/min to about 3 m/min and increasing laser power
from 12.6 kW to about 14 kW. The wire feeding speed was held at 12 m/min, a typical speed
for HLAW. Subsequently it was possible to produce a series of welds with an appropriate root
quality. An example for the weld with increased welding speed is shown in Figure 6¢.

2) Plaser = 12.6 kKW,
Vweld = 2.0 m/min,
Vwire = 12 m/min,
[=330A,U=33V

b) Plaser = 12.6 kKW,
Vweld = 2.0 m/min,
Vwire = 5 m/min, TRRL e T e R : C10mm-
[=141A,U=26V

) Plaser = 13.8 kW,
Vweld = 3.0 m/min,
Vwire = 12 m/min,
[=330A,U=33V

Figure 6 — Outer appearances of hybrid laser-arc welds (root side) performed with different welding parameters;

weld without parameter adaptation (a); decreased welding wire feeding speed (b); increased welding speed and
laser power (c)

e S s L e ]

10 mm

Figure 7a shows the general view of the cross section for the HLAW weld performed
with optimized parameters. The first noticeable difference from the laser and cold-wire welds
is the shape of the FZ. Two distinct zones can be recognized: the wide FZ at the top of the
weld and the narrow deep zone that penetrates material to underside. They can be defined as
an arc dominated and a laser dominated zones. There are differences in the microstructure
between the two zones. The arc dominated zone reaches about 4 mm in the depth and consists
predominantly of austenite due to the austenitic filler material (Figure 7b and 7c). The filler
material can be visually seen mixing to a weld depth of roughly 5 mm. After this depth level
the dilution becomes extremely inhomogeneous. At 6 mm from the top (Figure 7d)
solidification cracking is shown in the “islands” with high filler wire concentration. No
presence of the filler material could be found by optical observation in the root of the weld.
The microstructure of the weld root is ferritic-martensitic (Figure 7e).

a)

Figure 7 Hybrid laser-arc weld (Pjase; = 13.8 kW, Vyeq = 3.0 m/min, vy = 12 m/min,
=330 A, U =33 V), varying magnifications of the same weld with focus on the fusion boundary and FZ:
general shape (a); top part (b, ¢); middle (d) and root part (e)
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2.2 Distribution of filler wire in the FZ

In the welds performed with filler material EPMA has been done to obtain quantitative
information about distribution of the alloying element Ni. The reason for such analysis is that
alloying elements have a very direct influence on the mechanical properties of the weld joint.
The key factors are adequate concentration and homogenous distribution through the FZ.
Understanding these factors will help to optimize the welding process parameters for
achieving required weld properties in particular impact toughness.

Figure 8 and Figure 9 show monochrome and color mapping of the Ni concentration
profile in the cross section of a laser cold wire weld and a HLAW weld respectively. Results
presented for laser cold wire weld show that distribution of filler material is very
inhomogeneous starting from the weld upper surface. The average dilution of Ni near the
upper surface is about 18%...20%. It is also evident that distribution of filler material is
affected by the metal flow in the key hole. Parts of the molten filler material were carried by
the melt flow to weld depths reaching %2 of the plate thickness. The maximum concentration
was about 17% in the weld center at that depth. It can be interpreted from the color Ni
mapping in Figure 8, that only a minor part of filler material reaches a depth of 2 of the plate
thickness. The average dilution of Ni in the middle of plate thickness stays at 10%...11%. It is
to worth noting that the filler material tends to accumulate along the fusion boundary to a
depth of 9 to 10 mm from the top-side of the weld with a concentration of 13%...14% Ni in
these thin regions. At the bottom near the root Ni concentration was about 9% which
corresponds to the Ni content in the base material.

In general, it can be stated that filler material made up only a slight part of the FZ in the
laser cold wire welds. One of the main reasons for this was the modest amount of filler wire
that was fed into the weld pool. In other words an adequate welding wire feeding speed
should be taken into account. At a filler wire speed of 2 m/min and welding speed of 2 m/min
the fraction of the FZ compromised of the filler material was about 5.8% (Figure 8). This
value was calculated by taking into consideration the actual geometrical shape of the FZ. A
width of 1.7 mm, and a height of 11.5 mm was used in the calculations, along with 1.2 mm
for the wire diameter. An increase of the wire feeding speed to 12 m/min would increase the
fraction of filler material in the FZ to about 35%.

Figure 8 — Ni concentration profiles in cross Figure 9 — Ni concentration profiles in cross
section of the cold wire laser weld; monochrome section of the HLAW weld; monochrome profile
profile (left) and color element map (right) (left) and color element map (right)
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Based on the experience gained with respect to the laser cold wire welding process, it is
proposed that wire feeding angle has to be 45° or more. Having the wire flatter to the
specimen surface will help to avoid the stumbling of the wire tip against the cold welding
pool edges and reach much higher wire feeding rates which is desirable for laser cold wire
welding in LNG applications.

Wire feeding speeds of 12 m/min and higher are common for HLAW of thick walled
constructions. Accordingly, it is expected that the mechanical properties of the weld can be
positively influenced by a proper amount of filler material in the FZ. The uniform distribution
of filler wire in the FZ is a necessary precondition. The measurements however show that the
main volume of the filler material is concentrated in the top part of the weld in the arc
dominated zone. The dilution here is homogeneous with the maximum concentration of Ni at
about 30% (Figure 9). The mixing between the base and filler metal create Ni-poor and Ni-
enriched “islands” which contain about 10% and 30% Ni respectively. These island like
formations can be recognized as the inhomogeneous area, which starts from about 5 mm from
the top side and reaches a depth of about 10 mm. It is remarkable that the filler material
reaches the root side. The maximum Ni concentration here is about 12% which is 3% higher
than Ni content is in base material.

The inhomogeneous mixing which is visible in the middle of the weld is undesirable,
since it has areas with different physical properties such as thermal expansion. As
a result, solidification cracks can occur in this area (Figure 7d).

The current state of results shows that further welding trials are necessary to achieve
better homogeneity of weld metal in FZ. It is indicated in [13], that the HLAW process has a
more homogeneous distribution of alloying elements with leading laser as compared to
leading arc. In this research work it is also pointed out that almost homogeneous distribution
of alloying elements can be attained when the shielding gas contained more than 2% O..

2.3 Hardness measurements and tensile tests

Hardness measurements HV0.5 and tensile tests were carried out to characterize the
achieved mechanical properties of the welds. The Vickers hardness testing machines had been
calibrated according to DIN EN ISO 6507-3. The maximum deviation of the hardness
measurements HV0.5 was +3%. The representative measuring results for the Vickers hardness
for autogenous laser weld and HLAW are illustrated in Figure 10 and Figure 11 respectively.
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Figure 10 — The hardness HV0.5 profile for Figure 11 — The hardness HV0.5 profile for
autogenous laser weld (blue is top side, green is HLAW (blue is top side, green is root side)
root side)

The comparison shows that the peak hardness level for autogenous laser weld measured
in both top and root side was 390 HVO0.5 and exceeds the hardness of the base metal 250
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HVO0.5 by about 60% (Figure 10). This hardness level is quite high and can lead to
reduced toughness of the weld joint at cryogenic temperatures. An unusual hardness profile
can be observed at the laser hybrid weld (Figure 11). The hardness profile on the top side of
the weld is characterized by the increased hardness in the HAZ from the base metal 250
HVO0.5 up to 410 HVO0.5 and then abruptly dropping down to 150 HVO.5 in the FZ. The drop
in hardness of the top side FZ is explained by the high concentration of the Ni based filler
material which is softer than the base metal. Only a nominal amount of filler material reaches
the root side of the weld. Subsequently, the hardness level on the root side of the laser hybrid
weld is high, similar to the autogenous laser weld.

Tensile tests were carried out according to DIN EN ISO 4136 using flat specimens at
room temperature. Three specimens were tested for both laser welds and HLAW. The
strength of the weld metal for all welds was always much higher than that of the base metal.
The fracture location for all specimens tested was in the base metal (Figure 12).
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Figure 12 — Tensile test samples with fracture location in the base metal: autogenous laser weld (a); HLAW (b)

The average obtained failure stress was 768+2.5 MPa. The requirements of DIN EN
10028-4 for cryogenic steel X8Ni9 (Table 2) are definitely fulfilled with the obtained failure
stresses.

In order to correlate the distribution of the filler wire in the weld to toughness, Charpy
impact testing will be performed as the next step of this research work.

3. CONCLUSIONS

Plates made from cryogenic 9%Ni steel with thickness of 11.5 mm were butt joint
welded in a single pass using three welding techniques; autogenous laser welding, laser cold
wire welding and hybrid laser-arc welding process. The aim of these welding trials was to
contribute to an understanding of how the welding process parameters affect the process
stability, weld seam formation and mechanical properties of the welds. The findings of the
study can be summarized as follows:

(1) A stable and reproducible welding process with a sound weld seam formation could
be obtained for all three welding techniques tested, although the HLAW process
needs an increased welding speed of about 3 m/min to avoid the droplet formation
on the root side of the welds;

(2) The distribution of Ni base filler material is very inhomogeneous in laser cold wire
welds starting from the weld upper surface. The element mapping shows that only a
minor part of filler material reaches a depth of 2 of the plate thickness. No filler
material could be detected at the bottom near the root of the laser cold wire welds;

(3) The homogenous distribution of the filler material up to weld depth of roughly 6
mm could be stated for the HLAW process. The Ni content of up to 30% is
characteristically for this arc dominated part of the weld. The inhomogeneous
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mixing between the Ni-poor and Ni-enriched formations with Ni content of about
10% and 30% respectively can be recognized in the plate middle. The maximum Ni
concentration at the root side of the HLAW welds riches about 12% which is 3%
higher than Ni content is in base material;
The peak hardness for the laser welds was 390 HVO0.5 and exceeds the hardness of
the base metal by about 60%. This hardness level is quite high and can lead to
reduced toughness of the weld joint at cryogenic temperatures. The hardness profile
for HLAW welds variates from 410 HV0.5 to 150 HV0.5 depending on local
distribution of the filler material through the cross section of the weld.
The strength of the weld metal for both laser welds and HLAW welds was much
higher than that of the base metal. The fracture location for all tested welds was in
the base metal.
The correlation between the distribution of the filler wire in the weld and the
toughness will be examined by Charpy impact testing. The comparative Charpy
tests at cryogenic temperature of 196°C will be done as the next step of this
research work.
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Abstract — Heat treated 9%Ni steel is considered the most suitable and economic material for
construction of large-size liquefied natural gas (LNG) storage tanks which operate at cryogenic
temperatures (-196°C). Strength above 700 MPa as well as a minimum impact value of 60 J are
required to ensure reliable operation of the LNG tanks at operating temperature. Conventional arc
welding processes, including shielded metal arc welding, gas metal arc welding, gas tungsten arc
welding and submerged arc welding, are currently used in construction of LNG tanks. Ni based
filler wire is the preferred filler metal of choice in LNG tank construction. The main problem with
this choice is the lower mechanical properties, particularly tensile strength of the weld metal. To
compensate, the wall thickness needs to be excessively thick to ensure the strength of the welded
structures. Ni based filler material is expensive and a large quantity is needed to fill the multi-pass
weld grooves. These factors significantly add to the cost in the fabrication of LNG storage tanks.
For these reasons, exploration of new welding technologies is a priority. A big potential can be
seen in laser based welding techniques. Laser beam welding results in much smaller fusion zone
with chemical composition and mechanical properties similar to that of the base material. Laser
welding is a much faster process and allows for a joint geometry which requires less filler material
and fewer welding passes. The advantages of laser welding can help to overcome the problems
pointed out above.

Trials of autogenous laser welding, laser cold-wire welding and hybrid laser-arc welding
conducted on the 9%Ni steel are presented in this paper. Chemical composition of the weld metal
as well as effects of welding parameters on the weld formation, microstructure and tensile strength
is discussed. Filler wire penetration depth as well as character of its distribution in the narrow laser
welds was examined using EPMA - electron probe microanalysis.

Keywords: cryogenic steel, laser welding, microstructure, hardness, tensile strength.
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