BONDED FLUX AND SOLID WIRE: FOR SUBMERGED ARC WELDING, AND
METHOD FOR SUBMERGED ARC WELDING OF STEEL FORLOW
TEMPERATURE SERVICE

BACKGROUND OF INVENTION
[0001]

The present invention relates to a bonded flux and a wire for submerged arc
welding. Spedafically, the present invention relates to a bonded flux and a solid wire for
submerged arc welding, and method for submerged are welding of a steel for low
temperature service, each of which can give a weld bead having satisfactory fracture
toughness at Jow temperatures down to about -40°C and is suitable for welding of a
low-temperature high-strength steel used typically in offshore struetures and liquefied
petroleum gas (LPG) tanks.

[0002]

Steels for low temperature service ave used typically in line pipes in cold climate
areas; offshore structures, such as ol-well drilling platforms in ocean; and LPG tanks.
These structures require further higher quality from the viewpoints of safety and durability
and require, above all, further tightened improvements in performance in weld beads.
[0003]

Low-temperature fracture toughness performance is one of the required quality of
weldbeads.  The toughnessis evaluated, for example, on the basis of absorbed energyina
Charpy impact test and on the basis of fracture toughness (n terms of crack tip opening
displacement; CTOD) at a design temperature.

[0004]

The assignee of the present invention has proposed a technmique for improving the
low-temperature fracture toughness performance as disclosed in Japanese Unexamined
Patent Application Publication (JP-A) No. HO7-256489. A bonded flux for submerged arc
welding disclosed in this patent literature includes MgO in a content of from 20% to 45%,
AleOs1n a content, of from 10% to 30%, Calzin a content of from 5% to 15%, Si0:ina
content of from 5% to 20%, a metal carbonate (s COz equivalent) in a content of from 2% to
10%, one or both of CaQ and BaQ in a total content of from 2% to 20%, one or more of
metallic silicon, metallic aluminum, and metallic titanium in a total content of from 0.5% to
5%, metallic titanium and titanium oxide (as titanmium equivalent) (total titanium) in a total
content of from 1% to 7%, one or both of metallic boron (B) and boron oxide (as boron
equivalent) in a total content of from 0.1% to 0.5%, and sulfur (S) in a content of from
0.005% t0 0.15%.

(0008]



Independently, Japanese Unexamined Patent Application Publication (JP-A) No.
T10-113791 discloses a bonded flux and a wire for submerged arc welding of a steel for Jow
temperature service, in order to give a weld bead having good weldahility and satisfactory
toughness both as welded (AW) and after stress relief heat treatment (post-weld heat
treatment; PWHT) in multilayer welding of controlled deoxidization typified by a
titanium-killed steel for use as a steel for low temperature service. Thebonded flux and
wire are 2 bonded flux and a wire for submerged arc welding of a controlled deoxidized steel
sheet, typified by a titanium-killed steel, containing at least one element selected fromn the
group consisting of Ca, Mg, Zr, and Alin a total content of 0.015 percent by weight or less.
The bonded flux for submerged arc welding satisfies the following Expressions (1), (2), and
(3) and satisfies the following conditions:  8<(S102)r<16%, (SDr<0.6%, 0.1<(ADr<1.5%,
(Mp)e<4 5%, and 0.1<(Al)r+0.25(Mg)e<L.5%; and the wire for submerged arc welding also
satisfies the following Expressions (1), (2), and (3) and satisfies following conditions:
0.005%<[CJw<0.08%, 0.005%<[Si]w<0.10%, and 1.5%<NiJw<3.5%:

0.002<[0.1B09)rH8[BlwH3[Blel<0.0256 (1)
0.05<[00UTIO)FrO. (T8 Tw+1.6[Til<0.22 (@)
[0.1(P)+0.6[Plw+0.3[Pg]<0.012 )]

SUMMARY OF INVENTION
(0007

The techmique disclosed in JP-A No. H07-256489 optimizes oxygen, titanium, and
boron contents in the weld bead and ensures satisfactory fracture toughness at
temperatures down to -60°C by regulating the basicity and the alloy composition, such as Ti
and B, ofthe flux.  However, the resulting weld bead has a strength in terms of 0.2% yield
strength of about 450 MPa and is demanded to have a further higher strength.

[0008]

The technique disdosed in JP-A No. H10-113791 is intended to give a weld metal
with excellent toughness at low temperatures down to -70°C both as welded (AW) and after
stress relief heat treatment (PWHT) in welding of a steel for low temperature service tobe
used typically in offshore sructures and LPG tanks. ‘This technique, however, fails to
attain improvements in low-temperature fracture toughness (particularly CTOD
performance).

[0009]

The present invention has been made in consideration of these preblems, and an
dbject of the present invention is to provide a bonded flux and a solid wire each for
submerged arc welding, and a methed for submerged arc welding of a steel for Jow
temperature service, each of which gives a weld bead (weld metal) having satisfactory
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low-temperature fracture toughness with excellent weldability, by suitably specifying the
chemical composition of the wire and the flux.

Solution to Problem

[0010)

The present invention provides, in an aspect, a bonded flux for submerged are
welding. The bonded flux includes MgQ in a content of from 23 to 43 percent by mass,
AlyO31n a content of from 11 to 31 percent by mass, CaFsin a content of from 610 16
percent by mass, Si0Ogin a content of from 7 to 20 percent by mass, at least one metal
carbonate in a content as CO; equivalent of from 1.0 to 8.0 percent by mass, at least one of
Ca0 and BaO in a total content of from 2 to 16 percent by mass, metallic silicon (Si)ina
content of from 0.4 to 1.5 percent by mass, metallic titanium (T3) and a titanium oxidein a
total content as titanium equivalent [Total T of from 1.0 to 7.0 percent by mass, at least
one of metallic boron (B) and boron oxide in a total content as boron equivalent [Total B} of
from 0.01 to 0.20 percent by mass, and. at least one oxide of alkali metals sodium (Na),
potassium (K), and lithivm (Li) in a total content as equivalents of respective elements of
from 1.01to 6.0 percent by mass. The bonded flux has a ratio ([Total Ti]-+[Total B]Y[Si0¢] of
from 0.05 to 0.55 where [Total Ti] represents the total titannum content as titanium
equivalent; [Total B] represents the total boron content as boron equivalent; and [Si0;)
represents the SiOz content.

[oo11]

In another aspect, the present invention provides a solid wire for submerged arc
welding. The solid wire includes carbon (C) in a content of from 0.10 to 0.15 percent by
mass, manganese (Mn) in a content of from 1.5 to 2.5 percent by mass, nickel (N)) in a
content of from 2.0 to 2.6 percent by mass, molybdenum (Mo), if any, in a content of 0.05
percent by mass or less, and nitrogen (N), if any, in a content of 0.008 percent by mass or
less, with the remainder being iron (Fe) and inevitable impurities, The solid wirehasa
ratio [NiJ{[Mun]+Mo)) of from 0.9 to 1.5 where [Ni] represents the nickel content; [IVin]
represents the manganese content; and [Mo] represents the molybdenum content.

[0012]

The present invention further provides, in yet another aspect, a method for
submerged are welding of a steel for low temperature service. The method includes the
steps of:

preparing a bonded flux for submerged are welding including MgO in a contertt of
from 23 to 43 percent by mass, Al:O3in a content of from 11 to 31 percent by mass, CaFsin
a content of from 6 to 16 percent by mass, SiOzin a content of from 7 to 20 percent by mass,
at least one metal carbonate in a content as COz equivalent of from 1.0 to 8.0 percent by
mass, at least one of CaO and BaO in a total content of from 2 to 16 percent by mass,
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metallic sificon (81) in a content of from 0.4 to 1.5 percent by mass, metallic titanium (T
and a titanium oxide in a total content as ftanium equivalent [Total Ti] of from 1.0t0 7.0
percent by mass, at least one of metallic boron (B) and boron oxide in a total content as
boron equivalent [Total B] of from 0.01 to 0.20 percent by mass, and at least one oxide of
alkali metals soditun (Na), potassium (K), and hithium (Li) in a total content as equivalents
of respective elements of from 1.0 to 6.0 percent by mass, and the bonded flux having a ratio
([Total Til+Total B)/[SiOs) of from 0.05 to 0.55 where [Total Ti] represents the total
titanium content as titarium equivalent; [Total B] represents the total boron content as
horon equivalent; and {SiOz] represents the SiOs content;

preparing a solid wire for submerged arc welding including carbon (C) in a content
of from 0.10 to 0.15 percent by mass, manganese (Mn) in a content of from 1.5 to 2.5 percent
by mass, nickel (Ni) in a content of from 2.0 o 2.6 percent by mass, molybdenum (Mo), if
any, in a content of 0.05 percent by mass or less, and nitrogen (N), if any, in a content of
0.008 percent by mass or less, with the remainder being iron (e} and mewitable impurities;
and the solid wire having a ratio [NiJ/((Mn]+{Mo}) of from 0.9 to 1.5 where [Ni] represents
the nickel content; [Mn] represents the manganese content; and [Mo] representsthe
molybdenum content; and

pexforming submerged are welding of a steel for low temperature service using the
bonded flux and the solid wire to give a weld metal comprising boron (B) n a content of
from 0.0010 to 0.0050 percent by mass and titarium (T4) in a content of from 0.010 to 0.050
percent by mass and having a ratio [Ti)/[O] of from 0.050 to 0.90 where [Ti] represents the
titanium content; and [O] represents an oxygen content.

Advantageous Effects of the Invention
[0013]

The bonded flux for submerged arc welding according to the present invention, as
specifying the chemical composition thereof suitably, can give a weld metal having
satisfactory weldability and excellent fracture toughness.

[0014]

The solid wire for submerged arc welding according to the present invention, as
specifying the chemical composition thereof suitably, can give a weld metal having a high
strength and satisfactory fracture toughness.

[0013]

In addition, the method for submerged arc welding of a steel for low temperature
service can give a weld metal having a 0.2% yield strength of 500 MPa or more, a tensile
strength of 610 MPa or more, and a CTOD & (-40°C) of 0.25 mm or more.

BRIEF DESCRIPTION OF DRAWINGS
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[0016]

FIG. 1lisa graph chartillustrating how the ratio [INil/((Mn]+{Mo]) of 2 wire affects
properties of a weld metal; and

FIG. 2is a graph chart fllustrating how the ratio ([Total TilH+{Total BIY[SiOg] of a
flux affects the properties of a weld metal.

DESCRIPTION OF EMBODIMENTS
[0017]

While there have been proposed a number of techniques for giving weld metals with.
higher toughness, the technique disclosed in JP-A No. H07-256489 attains high toughness
of the weld metal by regulating the basicity and alloy composition of the flux.
Independently, the technique disclosed in JP-A No. H10-113791 attains high toughmness of
the weld metal by regulating alloy compositions both in the flux and in the wive, However,
these conventional techniques give weld metals having a 0.2% yield strength of at most
about 450 MPa and a low CTOD. The present invention has been made to solve such
problems of the conventional techniques and has developed a weld metal having a strength
n terms of 0.2% yield strength of 500 MPa or more, a tensile strength of 610 MPa or mare,
and a CTOD of 0.25 mm or more down to -40°C, by regulating the alloy compositions of the
flux and the wire.

[0018]

Reasons of specifying the chemical compositions of the flux and wire according to the
present invention will be described below.  Initially, the chemical cornposition of the
bonded flux for submerged arc welding will be described.

[0019]

(1) Bonded Flux for Submerged Arc Welding

MgO Content: 23 10 43 percent by mass

Magnesium oxide (MgO), when added, increases the basicity and serves as a
deaxidizer to decrease oxygen in the weld metal, thus having an oxygen decreasing effect.
In addition, MgO, when added, increases the five resistance of slag.  MgO, if in a content of
less than 23 percent by mass, may not exhibit these effects sufficiently.  In contrast, MgO,
ifin a content of more than 43 percent by mass, may impair slag removability and bead
appearance.

[0020]

AlO3 Content: 11 to 31 percent by mass

Aluminum oxide (AlQs) fimetions as a slag-forming material and has the effect of
ensuring slag removability of thebead. Tn addition, AlzOs has the effect of increasing the
arc concentricity and are stability. However, if Al;O3 content is less than 11 percent by
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mass, the slag removability may be insufficient, and welding may be impeded because of
unstableare.  Incontrast, AlsOs, if in a content of more than 31 percent by mass, may
cause the weld metal to have a higher oxygen content and to thereby have msufficient
toughness.
[0021]

CaFs Content: 6to 16 percent by mass

Calaum fluoride (Caly) is known to have the effect of regulating the melting poimt of
generated slag, and also has the effect of decreasing oxyzen in the weld metal.  However,
Cal, if in a content of less than 6 percent by mass, may not exhibit these effects sufficiently.
In contrast, CaFs, ifin a content of more than 16 percent by mass, may cause unstable arc
and poor bead appearance, and may cause the generation of pockmarks.
[0022)

Si0; Content: 7 to 20 percent by mass

Silicon dioxide (Si0y) serves as a slag-forming material and has the effect of allowing
the bead to have a good appearance and a good shape.,  Si0g, if1n a content of less than 7
percent by mass, may not exhibit the effects sufficiently.  In contrast, SiOq, if in a content of
more than 20 percent by mass, may increase oxygen in the weld metal to thereby impair
the toughness of the weld metal
[0023]

Metal Carbonate Content: 1.0 o 8.0 percent by mass as COg equivalent

The metal carbonate has an arc shielding effect in which the metal carbonate
gasifies by the action of welding heat to reduce a water vapor partial pressure in the are
atmosphere and to reduce a diffusible hydrogen content in the weld metal, thus having an
arc shielding effect. However, the metal carbonate, if in a content of less than 1.0 percent
by mass, may not exhibit these effects sufficently.  In contrast, the metal carbonate, ifina
content of more than 8.0 percent by mass, may impair the slag removability and may cause
pockmarks on the bead in some cases, thus causing poor workability. In general,
exemplary metal carbonates include CaCOsz and BaCOs.
[0024]

Total Content of At Least One of CaO and BaO: 2 to 16 percent by mass

Caldum oxide (Ca0) and barium oxide (BaO) serve to increase the basicity and
effectively decrease oxygen in the weld metal, as with MgO.  CaO and BaO have identical
operation and effects.  However, Ca0O and/or BaO, if in a total content of less than 2
percent by mass, may not exhubit the effects sufficiently.  In contrast, CaO and/or BaQ, if
in a content of more than 16 percent by mass, may impair arc stability and bead
appearance.
[0025]



Metallic Silicon Content: 0.4 to 1.5 percent by mass

Metallic silicon (metallurgical silicony) has a deoxidizing action of reducing the
oxygen content in the weld metal. The metallic silicon is generally added in the form of an
Fe-Sialloy. The metallicsilicon, if in a content in the alloy of Jess than 0.4 percent by mass
based on the mass of the flurx, may not exhibit the deoxidizing effect sufficiently. The
metallic salicon, 1fin a content of more than 1.5 percent by mass, may exhibit a saturated
deoxidizing effect, and, contrarily, may cause the weld metal to have insufficient toughness
and to have an excessively high strength.
[0026]

Total Content of Metallic Titanium and Titamium Oxide{s) (Total Ti): 1.0to 7.0
percent by mass as titanium equivalent '

Metallic titanium has a deoxidizing effect to reduce the oxygen content in the weld
metal. Titaniwum oxide(s) serves as a slag-forming agent and has the effect of regulating
the viscosity and flowability. During welding, the metaltic titanium is oxidized into a
titanium oxide, thereby also serves as a slag-forming agent and has the effect of reguiating
the viscosity and flowability. These components, ifin a total content (Total Ti) ofless than
1.0 percent by mass, may not exhibit the effects suffidently. In contrast, these components,
ifin a total content (Total T) of more than 7.0 percent by mass, may cause excessive
deoxidization and may cause an excessive amount of slag, thus causing seizure of the bead
surface and impairing slag removability. Thus, the metallic titanium and titanium oxide
are in intimate assoaiation with each other, and the content thereofis contralled as a "Total
TV (content). Thetotal Ti content, Le., the total of contents of metallic itanium and
titanium oxide (as titanium equivalent) m the flux 1s more preferably from 0.3 to 1.3
percent by mass.
[0027]

Total Content of At Least One of Metallic Boron and Boron Oxide:  0.01 t0 0.20
percent by mass as boron equivalent

Metallic baron and boron oxide have the effect of regulating a dissolved horon
content in the weld metal. These components, if in a total content of less than 0.01 percent
by mass as boron equivalent, may impede the formation of fine microstructures in grain
boundary segregation of the dissolved boron and may not exinbit the effect of improving
toughness sufficiently. In contrast, these components, if in a total content of more than
0.20 percent by mass as boron equivalent, may cause the weld metal to have excessively
increased hardenability and to have insufficient toughness.  The fotal content of one or
both of metallic boron and boron oxide in the flux is more preferably from 0.01t0 0.15
percent by mass as boron equivalent.
[0028]



Total Content of At Least One Oxide of Alkali Metals Sodium (Na), Potassium (K),
AndIsthium (i) 1.0 to 6.0 percent by mass as equivalents of respective elements

Oxides of alkali metals Na, K, and 1i have the effect of stabilizing arc.  These
oxides, if in a total content of less than 1.0 percent by mass as equivalents of respective
elements, may not exhibit the effect sufficiently. In contrast, these oxides, if in a total
content of more than 6.0 percent by mass in terms of the respective elements, may not
exhibit am improved deoxidizing effect and may cause the weld metal to have insufficient
toughmess and an excessively high strength.
[0029]

([Total Ti+Total BY[Si0g: 0.05t00.55

To ensure both safisfactory fracture toughness smd good weldability, the chemical
composition of the flux is specified as above.  In addition, the present inventors have
further found that both fracture toughness and weldability can be further satisfactorily
ensured by specifying the chemical composition so as to have a ratio ((Total Tij+[Total
B))/[Si0g) of from 0.05 10 0.55.  Ifthe ratio ([Total Til+[Total B])/[SiOz] is less than 0.05, the
weld metal may suffer from the generation of coarse microstructures having a high oxygen
content to thereby have insufficient fracture toughmess.  In contrast, if the ratio ({Total
Ti+Total B])/[Si0s] is more than 0.55, weldability such as slag removability and bead
shape may deteriorate and the weld metal may have an excessively high strength and
thereby have insufficent fracture toughness. The flux more preferably has a ratio ([Total
Ti+{Total B])/SiO¢] of from 0.10 to 0.40.
f0030]

(2) Next, the chemical composition of the solid wire will be described.
[0031]

Carbon (C) Content: 0.10t0 0.15 percent by mass

Carbon (C) content should be reduced to provide satisfactory toughness and should
be 0.15 percent by mass or less 50 as to give a weld metal having good low-temperature
toughness. However, ifthe carhon content is less than 0.10 percent by mass, deoxidation
may proceed insufficiently to cause the weld metal to have insuffident toughness.
[0032]

Manganese (Mn) Content:  1.5to 2.5 percent by mass

Manganese (M) is necessary for ensuring hardenability of the weld metal and for
forming transformation nude of mtragranular ferrite.  Manganese may exthibit these
effects sufficiently when present in a content of 1.5 percent by mass or more.  However,
manganese, ifin a content of more than 2.5 percent by mass, may cause the weld metal to
have excessively high hardenability and to have insufficient toughness.
f0033]



Nickel (Ni) Content: 2.0 to 2.6 percent by mass

Nickel (Ni) dissolves in the matrix of the weld metal to allow ferrite itself to have
highertoughness. Nickel may exhibit the effect sufficiently when present in a content of
2.0 percent by massormore.  However, nickel, ifin a content of more than 2.6 percent by
mass, may often cause phosphorus and sulfur to precipitate at grain boundaries and may
often cause hot cracking.
[0034]

Molybdenum (Mo) Content:  0.05 percent by mass or Jess

Molybdenum (Vo) has the effect of improving the hardenability of the weld metal.
However, molybdenum, if in a content of mare than 0.05 percent by mass, may cause the
weld metal to have excessively high hardenability and to have insufficient toughness.
[0035]

Nitrogen N) Content:  0.008 parcent by mass or less

Nitrogen (N) element impairs the toughness and is preferably minimized in content.
The upper limit of the nitrogen content is therefore set to be 0.008 percent by mass.  The
remainder of the solid wire according to the present invention includes iron (Fe) and
mnevitable impurities.
[0036]

N/((Mnj+Mo)) Ratio: 09to 1.5

To ensure both satisfactory fracture toughness and good resistance to hot cracling,
the chemical composition of the solid wire according to the present invention is specified as
above. Inaddition, the present inventors have further found that both the fracture
toughness and the resistance to hot cracking can further be reliably improved by controlling
the chemical composition of the solid wire so as to have a ratio [NiJA[Vn]+{Mo]) of the nickel
content to the total of the manganese content and the molybdenum content of from 0.5 to
15. Ifthe ratio [NiJ(Vn]+[Mo]) is less than 0.9, the weld metal may have excessively
high hardenability and thereby have insufficient fracture toughness.  In contrast, ifthe
ratio [NiJ{[Mn]+[Mo]) is more than 1.5, the weld metal may be liable to undergo hot
cracking. The solid wire more preferably has a ratio [INiJ/(fMn]+[Mo]) of from 1.0t0 1.4,
[0037]

(3) Next, the chemical composition of a weld metal obtained by the welding method
according to the present invention will be described.
[0038g]

Boron (B) Content:  0.0010 to 0.0050 percent by mass

Boron (B), if in a content of less than 0.0010 percent by mass, may not exhibit the
effect of suppressing pro-eutectoid ferrite sufficiently and may thereby cause the weld metal
to have inferior toughness. In contrast, boron, if in a content of more than 0.0050 percent
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by mass, may cause the weld metal t0 have excessively high hardenability and to have
inferior toughness.
[0039]

Titamium (T3) Content:  0.010 to 0.050 percent by mass

Titanium (T3), if in a content of less than 0.010 percent by mass, may impede the
formation of transformation nuelel of intragranular acicular ferrite to cause the weld metal
to have msufficient toughness. In contrast, titanium, if in a content of more than 0.050
percent by mass, may cause the formation of coarse lath-like bainite to thereby cause the
weld metal to have insufficent toughness.

[T50] Ratao:  0.50100.90

The weld metal, if having a ratio [Ti)/[0] of the titanium content to the oxygen
content of less than 0.50, may have insufficient toughness due to insufficient deoxidation
and subsequent formation of coarse pro-eutectoid ferrite grams.  In confrast, the weld
metal, if having a ratio [Ti[/[O] of more than 0.90, may have insufficient toughness due to
the formation of coarse lath-like bainite.

Examples
[0040]

Advantageous effects of the present invention will be illustrated in further detail
with reference to several working examples below.  Initially, six types of Wires W1 to W6
indicated in Table 1 below were prepared. InTable 1, Wires W1 to W3 are examples
within the scope of the present invention, whereas Wires W4 to w6 are comparative
examples out of the scope of the present invention.  All the wires have a wire diameter of
40mm. Likewise, fifteen types of Fluxes K1 to I'15 mdicated in Tables 2 and 3 below
were prepared.  These fluxes were each prepared by gramilating a material powder with
water glass as a binder to give granules, firing the granules at 500°C, and regulating the
particle size of the fired granulesto 10 to 48 mesh. InTables 2 and 3, Fluxes F1 to F5 are
examples within the scope of the present invention, and Fluxes F6 to F15 are comparative
examples out of the scope of the present nvention.
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[0041]

TABLE
S . mm(pambym)
C Mh N Mo N NifVih+hio)
Wi 013 20 230 trace 0004 12
Examples W2 0t 17 250 frace 0005 15
wa 024 23 210 frace 0004 09
Wi 012 27 180 e 0005 08
Comgardie ™ 010 12 250 frce 0005 21
Brampks W6 008 19 24) 010 0005 13
[0042]
TABLE?
Caegoy | FxMo. | MgO | ADs | CaR | SO Veel | CaOv ) Metae
cabords | BeD | shoon
F1 K, 19 10 1 40 10 10
F2 % 3 6 14 15 9 15
Brampks F3 2 2 8 2 80 2 10
F4 43 13 1 7 10 18 10
F5 37 1 16 10 56 10 04
F6 30 2 10 4 30 12 15
F £ 5 1 2 60 7 10
F8 ) % " 1 55 13 10
F 3 % 12 12 10 08
Compardie | FI0 24 34 8 15 17 05
Brampks F1f 3 12 7 ) 85 8 05
Fi2 0 18 1 10 20 10 10
F13 48 12 7 7 05 12 10
P14 8 19 9 68 8 02
F15 ) 14 13 15 65 1 40
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[0043]

TABLE3
Totel cfoxides of
Todofmeilc | Todloimedic | akaimesNaK,
fiarimand boronand boron andlifes ([Tl T
Category FluxNo e . \ .
fianimoxde(ess | oxdeesboron equivalents of BYVSO:
fienumequivaenl) | equivalent) Tespecive
elaments)

F1 30 010 40 024

F2 40 003 80 029

Exanmpks F3 70 015 40 036
F4 10 008 30 015

F5 50 020 10 052

F6 25 040 30 063

F7 10 010 70 005

F8 05 002 20 003

Fo 90 012 10 075

Comparive F10 20 020 10 025
Exarmpks F11 10 014 40 003
Fi2 60 - 30 080

F13 35 005 50 050

F14 70 002 078

F15 50 018 55 033

[0044]

A steel sheet indicated in Table 4 was subjected to all-weld tests using respective
combinations of the solid wires in Table 1 and the fluxes in Tables 2 and 3 under welding
conditions givenin Table 5 below. On weld metals welded under the welding test
conditions given in Table 5, mechanical properties, weldahility, and chemical composition
were determined according to test methods given in Table 6 below. Regarding mechanical
properties, samples having a yield strength of 500 MPa or more, a tensile strength of 610
MPa or more, and a CTOD of 0.25 mm or more at -40°C were evaluated as accepted.

[0045]
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Base Gauge Chemical compastion {percent by mess)
mel {rm) C S Mn P 8 Ni T B
KTENGID | 25 012 025 125 0010 0002 042 0002 | 00003
[0046]
TABLES
Besemeld K-TENG10
Gawge 25 mm (he chemical composifon s givenin Teble 4)
Edgeshepe APV groove
Roctgap: 13 mm, with backing metel
Wie Wire having the chemical composifion givenn Tabke 4, wie diamefer. 40mm
Flux Fluxhaving the chemical composiion gven n Tebles 2 and 3
Welding posfion Fet
Weiding condifons Curent  550Awiage 30V speedofiravel  40cminin, weldingenemgyinput 25
kdimm
Number ofixliup layers 7 layers, 15 passes
Prehealing and inferpass 140°Cio 160°C
femperaie
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[0047)

TABLEG

JISZ 3111 No.A specimen,

Tensletest Samphngposiion: - center and middie of thickness ofwekd metel
Testtemperatre — room iemperatie {X°C 0 23°C)
JSZ 3111 No.4specimen

Impect fest Samplgpositon;  center and middie of hickness of weld metl
Testtermperatre:  60°C

Cherrical compostion Arelyssmetod JISG1253andJISZ 2613

adysis Avelysisposifon;  centerand middeofhidoess ofweld metd

CTODE CTOD testof wekd metal accorting fo WES (Wekding Enginesting Stendards) 1108
Testemperaue:  40°C

— Testme.ihod: aocording D AWS (American Wekdng Society) Ad3
Measung process: _ gaschiomalgrephy

[0048]

Next, a hot cracking test (hot-cracking resistance test} will be illustrated. A stee]
sheet was subjected to welding procedures using respective combinations of the solid wires
in Table 1 and the fluxes in Tables 2 and 3 under welding conditions given in Table 7 below,
to give weld metals. Resistance to hot craclang of the weld metals was determined by a
FISCO weld cracking test.  The cracking rate was defined as a percentage (%) of the crack
length relative to the bead length of a ruptured weld bead.  Samples having a cracking
rate of 10% or less (including those with a crater crack) were accepted.
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[0049]

TABLE7

Basemetd K-TENG10 {fhe chemica composfion s givenin Teble 4)
Edgeshape 9PY goove

Rootface: 13 mm

Rootgap:  30mm
Wie Wire having the chemical composiiongivenin Tebie 1, wie diameter. 40mm
Flux Fuxhaving the chermical compasiion givenin Tables 2and 3
Weding posion Fet
Wekdng condiions Curent  600Awiege; 32V speedoffavel  40cmimin.
Numberofbuitup layers 1layer, 1 pess
Prehesiing iemperstre romiemperatre, 20°C 10 23°C
Nurmberof repefiion 2
[0050

Results of the all-weld tests and the hot eracking tests are shown in Tables 8to 10
and FIGS. 1and 2. Table 8 shows the mechanical properties of the examples according to
the present invention and the comparative examples, and Table 9 shows the weldability
and cracking rate thereof Table 10 shows the chemical compositions (with the remainder
being Fe and inevitable impurities) of the weld metals obtained in the examples according
to the present nvention and the comparative examples.  n the weldability data, "Good”

represents good property, and "Poor” represents poor property.
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[0051]

TABLES
Wieho. | Flo. Mechericel properes
0P%yidstengh | Terse | Absobed | CTOD{OC)
P9 gegh | eey | ()
M) | s
T Wi F1 562 &7 108 040
Y. W2 ) 540 &% 101 032
Banpes | T3 F3 52 629 % 027
™| W F4 584 858 100 029
T5 F5 5% 82 o7 025
T8 W F 636 70 42 015
7 F 602 691 48 017
78 F8 4% 584 7 020
T9 WS F 5565 64 78 022
Comparie | TI0 F10 487 58 67 020
Derpes | TH Fi 573 665 % 016
T | W | FR2 453 544 6 019
™ F13 524 615 104 031
T4 Fi4 502 58 & 023
5 F15 569 662 017
Tagetvalie 2500 2610 ; 025
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[0052]

TABLES
Wie | FxNo. Wikdzbty
Na. Bead Seiareof | Déisbiehydogen | Crdingrale
anpearance bead conent {%)
{miC0g)

T|IW | F Good Good 30 3

R{iwW| R Good Good 35 8

Bages | T3 F3 Good Good 32 6
TMiW| H Gocd Good 28 2

T F5 Goxd Good 26 1

T6 | W4 | F6 Poor Gecd 33 4

1l F7 Good Gocd 25 3

T8 F8 Gocd Good 29 5

WIWs; R Poor Poor 39 X

Corpazie | TI0 Fi0 Poor Good 34 3
Bxarps | TH Fil Good Good 19 B
Ti2| W6 | Fi2 ooy Good 32 7

T13 F13 Poor Good 58 5

T4 F14 Pear Good 20 8

Ti5 F15 Geed Poor 22 3
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[0053]
TABLE10

Chemical compasiion ofweld metdl {percert by mass)
C ] M Ni Mo T B 0 N T

T [ 006§ 03 | 148 | 293 | frace | 0022 | 00030 | 0029 | 00045 | 076

T2 | 0056 ] 04 | 126 | 232 | tmoe | 0028 | 00025 | 0035 | Q0047 | 08
Bxampes T3 | 005 | 04 | 128 | 229 | face | 0032 | 00036 | 0039 | 00043 | 082
T4 | 006 | 03 | 170 | 252 | tmce | 0018 | 00028 | 0032 | 00052 | 056
TS | 006 | 04 | 167 | 255 | tace | 0025 | 00040 | 0030 | 0008 | 083
T6 | 006 | 01 | 176 | 170 | tace | 0018 | 00068 | 0033 | 00062 | 055
T7 1 006 | 03 | 175 | 168 | tace | 0007 | 00031 | 0026 | 00061 | 032
B | 006 | 03 | 176 | 171 | face | 0002 | QOO0 | 0040 | 00062 | 0G5
™ | 006 | 04 | 093 | 225 | face | 0045 | (0033 | 0037 | 0049 | 168

Compaate | T10 | 005 | 03 | 0865 | 228 | face | 0016 | 00042 | 0031 | 00047 | 052

Exarmples T | 005 1 06 | 094 | 226 | face | 0008 | 00032 | 0033 | 00047 | 021
T2 | 004 | 04 | 140 | 220 | 010 | 0033 | 00002 | 0033 | 00045 | 100
T3 | 004 | 03 | 141 | 221 | 010 | 0026 | 00019 | 0047 | 00045 | 055
T4 | 004 | 03 | 140 | 219 | 009 | 0036 | 00012 | 0038 | 0045 | 095
T5 | 003 | 04 | 143 | 217 | 010 | 0027 | 00038 | 0030 | 00047 | 00

[0054]

Table 8 indicates that Welding Tests (Examples) T1 to T5 using Solid Wires W1 to
W3 and Fluxes F1 to F5 as examples of the present invention gave both a high 0.2% vield
strength and a high tensile strength and gave a high absorbed energy at -60°C and a large
CTOD (40°C). In contrast to this, Welding Tests (Comparative Examples) T6 to T15
using Schd Wires W4 to W6 and Fluxes F§ to F15 as comparative examples were inferior
n atleast one of the 0.2% yield strength (0.2% proof stress), tensile strength, absorbed
energy at -60°C, and CTOD (-40°C).

[0055]

Table 9 ndicates that Examples T7 to T5 according to the present invention
excelled all in slag removability, bead appearance, pockmark, seizure of bead, diffusible
hydrogen content, and cracking rate, each indicating weldability. In contrast,
Comparative Examples T6 to T15 were ferior in at least one of these properties.

[0056]

In addition, Examples T1 1o T5 according to the present invention gave weld metals
having chemical compositions within the ranges specified in the present invention, whereas
Comparative Ezxamples T6 to T15 gave weld metals having chemical compositions out of
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the ranges specified in the present invention.
[0057]

FIGS. 1 and 2 are graph charts fllustrating how the ratio [INil/([Mn]+[Mo]) of a wire
and the ratio ([Total Tij+{Total B))[SiOs] of a fiux, respectively, affect the properties of the
weld metal. I FIG. 1, data of Solid Wires W1 to W6 asin Table 1 are plotted, and, in FIG.
2, data of Fluxes F1 to F15 asin Tables 2 and 3 are plotted.  Solid Wires W1 to W6, if
having a ratio [NI/(IMn]H{Mo]) of less than 0.9, give a weld metal having excessively high
hardenability and having insufficient fracture toughness.  Solid Wires W1 to W6, if having
a ratio [N1J/((Mn}+Mol) of more than 1.5, give a weld metal susceptible to hot cracking.
Independently, Fluxes F'1 to F'15, if having a ratio ([Total Til+{Total B]Y[Si03] of less than
0.05, give a weld metal having an excessively high oxygen content to cause the formation of
coarse microstructures and thershy having insufficient fracture toughness.  FluxesFlto
F'15, fhaving a ratio ((Total Tij+{Total B]Y{SiOg] of more than 0.55, cause inferior
weldability, such as slag removability and bead appearance, and give a weld metal having
an excessively high strength and inferior fracture toughness.
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WHAT IS CLAIMED IS:

1. Abonded fluxfor submerged arc welding comprising:

MgQ in a content of from 23 to 43 percent by mass;

AlsOsin a content of from. 11 to 31 percent by mass;

CaFyin a content of from 6 to 16 percent by mass;

Si0Ozin a content of from 7 to 20 percent by mass;

at least one metal carbonate in a content as COs equivalent of from 1.0t0 8.0
percent by mass;

at least one of CaO and BaO in a total content of from 2 to 16 percent by mass;

metallic silicon (S) in a content of from 0.4 to 1.5 percent by mass;

metallic titavium (T%) and a titanium oxide in a total content as titanium equivalent
[Total Ti] of from 1.0to 7.0 percent by mass;

at least one of metalle boron (B) and boron oxide in a total content as boron
equivalent [Total B] of from 0.01 to 0.20 percent by mass; and

at least one oxide of alkali metals sodium (Na), potassium (K), and lithium () ina
total content as equivalents of respective elements of from 1.0 to 6.0 percent by mass, and

the bonded flux having a ratio ([Total TiJ+{Total B]Y[SiO] of from 0.05 to 0.55 where
[Total Ti] represents the total titanium content as titantum equivalent; [Total B] represents
the total boron content as boron equivalent; and [SiOs] represents the SiOz content.

2. A solid wire for submerged arc welding compriging;

carbon (C) in a content of from 0.10 t0 0.15 percent by mass;

manganese (M) in a content of from 1.5 to 2.5 percent by mass;

rickel (N1) in a content of from 2.0 to 2.6 percent by mass;

molybdenum (Mo), if any, in a content of 0.05 percent by mass or less; and

nifrogen (N), if any, in a content of 0.008 percent by mass or less,

with the remainder being iron (Fe) and inevitable impurities, and

the solid wire having a ratio [NiJ/([Mn]+[Mo]) of from 0.9 to 1.5 where [Ni]
represents the nickel content; [Mn] represents the manganese content; and [Mo] represents
the molybdenum content.

3. Amethod for submerged arc welding of a steel for low temperature service, the
method comprising the steps of

preparing a bonded flux for submerged are welding including MgO in a. content of
from 23 to 43 percent by mass, AlsOz in a content of from 11 to 31 percent by mass, CaFain
a content of from 6 to 16 percent by mass, Si0O2 In a content of from 7 to 20 percent by mass,
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at least one metal carbonate in a content as CO» equivalent of from 1.0 to 8.0 percent by
mass, at least one of CaO and BaQ in a total content. of from 2 to 16 percent by mass,
metallic silicon (Si) in a content of from 0.4 to 1.5 percent by mass, metallic titanium (T1)
and a titanium oxide in a total content as titaniwm equivalent {Total Ti] of from 1.0to 7.0
percent by mass, at least one of metallic boron (B) and boron oxide in a total content as
boron equivalent [Total B of from 0.01 to 0.20 percent by mass, and at least one oxide of
alkali metals sodium (Na), potassium (K}, and lithium ([ ) in a total content as equivalents
of respective elements of from 1.0 to 8.0 percent by mass, and the bonded flux having a ratio
([Total Tij+{Total B)Y[SiOg] of from 0.05 to 0.55 where [Total Ti] represents the total
titanium content as titanium equivalent; [Total B] represents the total boron content as
boron equivalent; and {SiOs) represents the Si0; conternt;

preparing a solid wixe for submerged are welding including carbon. (C) in a content
of from 0.10 to 0.15 percent by mass, manganese (Mn) in a content of from 1.5 to 2.5 percent
by mass, nickel (N§) in & content of from 2.0 to 2.6 percent by mass, molybdenum Mo), if
any, in a content of 0.05 percent by mass or less, and nitrogen (N), if any, in a content of
0.008 percent by mass or less, with the remainder being ivon (Fe) and nevitable impurities;
and the solid wire having a ratio [Ni}/([Mn]+Mbo]) of from 0.9 to 1.5 where [Ni] represents
the nickel content; [Min] represents the manganese content; and [Mo] represents the
molybdenum coritent; and

performing submerged arc welding of a steel for low temperature service using the
bonded flux and the solid wire to give 2 weld metal comprising boron (B) in a content of
from 0.0010 to 0.0050 pexcent by mass and titanium (Ti) in a content of from 0.010 to 0.050
percent by mass and having a ratio [Til/[O] of from 0.050 to 0.90 where [T4] represents the
titanium content; and [O] represents an oxygen content.
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