DESCRIPTION
METHOD FOR PRODUCING WELDED JOINT BY GAS-SHIELDED ARC

WELDING OF STEEL PLATE

Technical Field
[0001]

The present invention relates to a method for producing
a welded joint by gas-shielded arc welding using a steel
plate, particularly a steel plate with a thickness of 50 mm
or more.

Background Art
[0002]

With the growth of the energy industry, offshore
structures and offshore wind power generators are becoming
larger, for example, to improve the efficiency of drilling
marine resources and the power generation efficiency. Thus,
with an increase in the size of structures and power
generators, it is required to ensure high strength in a base
portion of equipment, and therefore the use of a thick steel
plate with a thickness of 50 mm or more has been studied.
Furthermore, in a cold ocean, since it is assumed that
waves, drift ice, and the like collide with a structure or
the like, high toughness at -40°C is also required. 1In the
manufacture of equipment of offshore structures and offshore

power generators using thick plates, it is important to



improve the processing efficiency and, in particular, it is
required to weld such thick plates with high efficiency.
[0003]

High-heat-input welding has been proposed as one of
high-efficiency welding methods for thick plates. When
high-heat-input welding is used, however, it is often
difficult to ensure the toughness of the weld metal and the
base material heat-affected zone.

[0004]

For example, Patent Literature 1 discloses a "two-
electrode single-sided one-pass high-heat-input submerged
arc welding method that produces a weld metal with high
toughness". In the welding method disclosed in Patent
Literature 1, when a steel plate with a thickness of 40 mm
or more is welded in one pass on one side by two-electrode
submerged arc welding, a specific flux and welding wires of
specific first and second electrodes are used for a specific
steel plate. The steel plate contains, on a mass percent
basis, C: 0.02% to 0.2%, Si: 0.01% to 1%, Mn: 0.1% to 2.5%,
Al: 0.002% to 0.1%, and N: 0.001% to 0.015%, wherein there
are limits of P: 0.02% or less, S: 0.01% or less, and O:
0.01% or less, and the remainder is composed of Fe and
incidental impurities. The flux is composed of, on a mass
percent basis, SiO2: 10% to 25%, MgO: 5% to 20%, CaO: 5% to

15%, CaFz: 1% to 10%, Al203: 5% to 25%, TiO2: 2% to 20%, Fe:



10% to 25%, and B203: 0.1% to 2.5%. The welding wire
contains, on a mass percent basis, C: 0.02% to 0.2%, Si:
0.01% to 1%, Mn: 0.5% to 2.5%, Al: 0.002% to 0.1%, Ti:
0.005% to 0.3%, and N: 0.001% to 0.015%, wherein there are
limits of P: 0.02% or less, S: 0.01% or less, and O: 0.01%
or less, and the remainder is composed of Fe and incidental
impurities. The welding is performed under the conditions
that the welding wire of the second electrode has a diameter
in the range of 6 to 8 mm, and the ratio of the cross-
sectional area of the welding wire of the first electrode to
the cross-sectional area of the welding wire of the second
electrode ranges from 35% to 75%. Patent Literature 1
describes such a two-electrode single-sided one-pass high-
heat-input submerged arc welding method that produces a weld
metal with high toughness.

[0005]

Patent Literature 2 discloses a "two-electrode high-
heat-input submerged arc welding method". The welding
method described in Patent Literature 2 is a two-electrode
high-heat-input submerged arc welding method in which a
specific wire and a specific flux are used for welding. The

wire contains, on a mass percent basis, C: 0.02% to 0.18%,

\O

Si: 0.02% to 0.5%, Mn: 1.15% to 2.2%, Mo: 0.1% to 1.0%, Ni:
0.1% to 1.5%, and Ti: 0.005% to 0.05%, and satisfies P:

0.006% or less and S: 0.003% or less, and the remainder is



composed of Fe and incidental impurities. The flux 1is
composed of SiOz: 13% to 25%, MgO: 8% to 20%, CaO: 5% to
13%, CaFz: 1% to 7%, Alx03: 9% to 23%, TiOz: 3% to 11%, Fe:
11% to 25%, B203: 0.1% to 0.6%, Mo: 1% to 4.3%, and Ni: 1% to
4.5%. According to this welding method, even a high-heat-
input submerged arc welding at a welding heat input of 500
kJ/cm or more can exhibit high weld metal mechanical
performance and high weldability, significantly improve the
safety of a building structure, and simultaneously
significantly increase the welding efficiency.
[0006]

Furthermore, for example, Patent Literature 3 discloses
a "high-efficiency welding method for a steel plate”.
According to Patent Literature 3, there is provided a
processing step of processing an X groove in a pair of steel
materials with a thickness of more than 50 mm and 100 mm or
less. The method further includes a welding step of
performing one-pass welding on each of the front and back
sides of the pair of steel materials using a flux by
multielectrode submerged arc welding with two or more
electrodes and six or less electrodes. In the welding step,
welding is performed in which the welding current of the
first electrode is an alternating current with a waveform
ratio of 60% or more and 90% or less, and the welding

current of the other electrodes is an alternating current



with a waveform ratio of 70% or more or a negative direct
current. The flux used here contains Al203: 10% or more and
50% or less and SiOz: 16% or more and 30% or less in mass
ratio to the total mass of the flux. Furthermore, 10% or
more and 60% or less of one or more of MgO, TiOz, CaFz, and
MnO are contained in total, and MgO is limited to 40% or
less, TiO2 to 20% or less, CaFz to 30% or less, and MnO to
20% or less. This is such a submerged arc welding method,
and this method can be used to produce a weld metal with
high toughness even at low temperatures, and a base portion
of a wind power generation facility installed in a cold
region can therefore be efficiently constructed.

[0007]

On the other hand, narrow-gap welding has been proposed
as one of high-efficiency welding methods for thick plates.
The groove cross-sectional area can be decreased to reduce
the welding heat input, and the toughness of the weld metal
and the base material heat-affected zone can be ensured.
When a thick plate is simply welded by narrow-gap welding,
however, there is a problem that hot cracking or incomplete
fusion is likely to occur.

[0008]

To solve this problem, for example, Patent Literature 4

discloses a "narrow-gap submerged arc welding method". The

welding method disclosed in Patent Literature 4 is a narrow-



gap submerged arc welding method for a very thick steel
plate in which a backing material is brought into contact
with a back side of a narrow groove with a groove angle in
the range of 1 to 5 degrees and a root gap in the range of
10 to 14 mm, and steel particles are sprayed in the groove
from the back side of the groove to a height of 10 to 15 mm.
Subsequently, a fused flux is used, which contains, on a
mass percent basis relative to the total mass of the flux, a
total of Al,03, TiO2, and CaFz: 50% to 70% and SiO,: 10% to
20%, with the remainder being CaO, MnO, BaO, K20, Na0, and
incidental impurities. This is a narrow-gap submerged arc
welding method for multilayer welding with one pass per
layer. According to Patent Literature 4, narrow-gap
submerged arc welding can be performed with high
weldability, such as high slag detachability and a good bead
shape, and without back chipping. Patent Literature 4
describes that a sound weld without welding defects, such as
hot cracking, slag inclusion, and incomplete fusion, can be
formed with high efficiency.

[0009]

A submerged arc welding method, which is a narrow-gap
welding method for a steel plate as described above,
requires spraying a flux in front of the weld before welding
and recovering the flux after welding and requires separate

management of the flux. Furthermore, the method has poor



workability; for example, slag formed in the weld must be
removed after welding. On the other hand, a narrow-gap gas-
shielded arc welding method with high workability at the
time of on-site processing has been proposed.

[0010]

For example, Patent Literature 5 discloses a narrow-gap
gas—-shielded arc welding method for joining a steel material
of a thick plate by narrow-gap multilayer welding. In the
technique described in Patent Literature 5, first layer
welding is multiple electrode welding with two or more
electrodes, first and second electrodes are positioned along
predetermined parallel weld lines, and the distance between
the welding wire tips of the first and second electrodes are
controlled to be 5 mm or more and 16 mm or less.
Furthermore, the angle of the straight line connecting the
welding wire tips of the first and second electrodes is
controlled to be 45 degrees or less relative to the
direction perpendicular to a weld line. Furthermore, the
melt depth in the direction perpendicular to the weld line
at the bottom of the steel material is 1.5 mm or more.

Thus, even edge preparation, such as gas cutting or plasma
cutting, causes no defect, and an effect of improving
welding procedure efficiency can be obtained.

Citation List

Patent Literature



[0011]

PTL 1: Japanese Patent No. 4673710

PTL 2: Japanese Unexamined Patent Application
Publication No. 2006-212676

PTL 3: International Publication No. WO 2013/073565

PTL 4: Japanese Unexamined Patent Application
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Summary of Invention
Technical Problem
[0012]

However, the invention of Patent Literature 1, which
aims to achieve high efficiency processing by high-heat-
input welding, aims to provide a welding method that can
exhibit high toughness with a 2-mm V-notch Charpy absorbed
energy of 70 J or more at 0°C. Thus, it is not suitable for
use in a cold environment of -40°C. Likewise, in Patent
Literature 2, toughness is evaluated at 0°C, and use in a
cold environment of -40°C is not assumed. The invention of
Patent Literature 3 does not refer to a low-temperature
toughness value of a base material heat-affected zone (the
base material heat-affected zone is hereinafter also
referred to as a "weld heat-affected zone"), and it 1is
unclear whether or not use in a cold environment of -40°C is

possible. Furthermore, the invention of Patent Literature



4, which aims to achieve high-efficiency processing by
narrow-gap welding, does not refer to the mechanical
properties of the weld metal and the weld heat-affected
zone. In the technique of the narrow-gap gas-shielded arc
welding method disclosed in Patent Literature 5, multiple
electrode welding with three or more electrodes may cause
hot cracking in the center of the weld metal.

[0013]

It is an object of the present invention to solve the
problems of the related art and to provide a method for
producing a narrow-gap welded joint without welding defects
and with high strength and low-temperature impact toughness
by gas-shielded arc welding using a steel plate with a
thickness of 50 mm or more.

[0014]

The term "high strength", as used herein, means that
the room-temperature yield strength (0.2% proof strength) of
a weld metal produced in accordance with the provision of
JIS Z 3111 is 325 MPa or more, the tensile strength thereof
is 520 MPa or more, and the room-temperature tensile
strength of a welded joint is 520 MPa or more. The term
"high low-temperature impact toughness" means that a weld
metal and a weld heat-affected zone of a welded joint
produced in accordance with the provision of JIS Z 3128 have

absorbed energy (vE-i0) of 30 J or more in a Charpy impact
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test at a test temperature of -40°C.
Solution to Problem
[0015]

[Underlying Knowledge Forming Basis of the Present
Invention]

To achieve the above-described object, the present
inventors first conducted extensive studies on the weld
metal shape that enables high-efficiency sound welding of a
welded joint of a steel plate with a thickness of 50 mm or
more. The weld length of an offshore structure or an
offshore wind power base may exceed 1.0 km per structure in
total length, and it is effective to decrease the number of
layers of a weld metal for high-efficiency welding
procedure. In a known welding method, however, welding is
symmetrically sequenced along the groove wall, and the
welding procedure efficiency is therefore not high. 1In
contrast, in the present invention, it has been found that
high-efficiency welding can be performed by constituting a
multilayer weld metal by welding with one pass per weld
metal layer without symmetrically sequencing the welding.
However, it was noted that the low-temperature impact
toughness values of the weld metal and the base material
heat-affected zone decrease at a high welding heat input.
[0016]

Next, as a result of studies on the above-described
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problems, it has been found that when the weld area of a
weld metal is 120.0 mm? or less per layer, the welding heat
input does not become excessive, the thermal effects on the
base material are sufficiently small, and the weld can have
good low-temperature toughness characteristics. It has also
been found that even if a multilayer weld metal is produced
by welding with one pass per layer and the weld area per
layer is 120.0 mm? or less, hot cracking is likely to occur
when the ratio [H/W] of the height H (mm) to the width W
(mm) of the weld metal of each weld layer is more than 1.00.
This is because, in a solidification process of the weld
metal, the solidification direction and the direction of
tensile strain at the time of cooling coincide with each
other, and hot cracking therefore occurs in the association
portion of dendrite. Thus, it has been found that the ratio
[H/W] can be controlled to 1.00 or less to suppress the
occurrence of hot cracking. Furthermore, as a result of
intensive studies on the groove shape satisfying the above,
it has been found that the above can be satisfied when the
groove angle is 20 degrees or less, and the gap between base
materials is 6 mm or less in single-sided welding and 10 mm
or less in double-sided welding.
[0017]

On the other hand, it has been found that a gap between

base materials exceeding 6 mm could result in incomplete
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fusion while welding of the first layer. From these
results, it has been found that a groove shape that enables
high-efficiency sound welding of a steel plate with a
thickness of 50 mm or more is preferably such that the gap
between base materials is 6 mm or less and the groove angle
is 20 degrees or less, regardless of whether single-sided
welding or double-sided welding is applied. It has also
been found that double-sided welding can further decrease
the groove area.

[0018]

[Gist of Present Invention]

The present invention has been accomplished on the
basis of such findings and further studies, and the gist of
the present invention is as follows:

[1] A method for producing a welded joint by gas-shielded
arc welding of a steel plate, wherein

the steel plate has a thickness T (mm) of 50 mm or
more,

a weld metal is composed of multiple layers with one
pass per layer,

a ratio [A/p] of a cross-sectional area A (mm?) of the
weld metal in a direction perpendicular to a weld line to a
number of weld layers p (layers) 1is 120.0 mm?/layer or less,

a ratio [H/W] of a height H (mm) to a width W (mm) of

each layer in the weld metal is 1.00 or less,
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the gas-shielded arc welding is multiple electrode
welding with three or more electrodes,

each welding wire tip of a first electrode and a second
electrode is disposed on a different parallel weld line,

one of the first electrode and the second electrode is
set to wire negative (positive polarity), and the other is
set to wire positive (reverse polarity),

a distance a (mm) between the welding wire tips of the
first electrode and the second electrode ranges from 5 to 16
mm,

a straight line connecting each welding wire tip of the
first electrode and the second electrode has an angle o of
60 degrees or less relative to the direction perpendicular
to the weld line, and

a welding wire containing 0.015% to 0.100% by mass of
REM is used for the electrode set to wire negative (positive
polarity) .

(2] In [1],

each contact tip front end of the first electrode and
the second electrode has an inclination angle ® in the range
of 0 degrees to 15 degrees toward a groove face relative to
the direction perpendicular to the weld line,

a distance d (mm) between a side end portion of each
welding wire tip of the first electrode and the second

electrode and the groove face ranges from 0.5 to 3.0 mm,
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each welding wire is a welding wire curved in advance
radius of curvature in the range of 150 to 300 mm,

third and subsequent electrodes are disposed at a

center of a groove behind the first electrode and the second

electrode, and

used

a gas containing 60% by volume or more of COz gas is
as a shielding gas.

In [1] or [2],

the steel plate has a chemical composition containing,
mass percent basis,

C: 0.04% to 0.14%,

\C

Si: 0.03% to 0.70%,

O

Mn: 0.30% to 2.50%,

P: 0.030% or less,

S: 0.020% or less,

Nb: 0.001% to 0.100%,

Al: 0.001% to 0.100%,

O: 0.0100% or less, and

N: 0.0100% or less,

the remainder being Fe and incidental impurities, and

Ceq defined by the following formula (1) and a

thickness (T) satisfy

0.0004T + 0.25 < Ceqg < 0.0004T + 0.45,

and a dislocation density p at a position 1 mm below a

surface of the steel plate is 4.0 x 10!%* m™2 or less,
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an average grain size at the position 1 mm below the
surface of the steel plate is 15.0 um or less, and an
average grain size at a mid-thickness position is 20.0 um or
less,

Ceq = [C] + [Mn]/6 + ([Cr] + [Mo] + [V])/5 4+ ([Cu] +
[Ni]) /15 (1)

wherein each element symbol in the formula (1) denotes
the corresponding element content (% by mass) and is 0 in
the absence of the element.
(4] In [3],

the steel plate has a chemical composition further
containing, on a mass percent basis,

one or two or more selected from the group consisting
of

Cu: 2.000% or less,

Ni: 2.500% or less,

Cr: 1.500% or less,

Mo: 1.000% or less,

Ti: 0.100% or less,

V: 0.300% or less,

B: 0.0100% or less,

W: 0.500% or less,

Ca: 0.0200% or less,

Mg: 0.0200% or less, and

REM: 0.0500% or less.
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[5] In any one of [1] to [4],

the weld metal has a chemical composition containing,
on a mass percent basis,

C: 0.04% to 0.14%,

Si: 0.03% to 0.70%,

\C

Mn: 0.30% to 2.50%,
P: 0.030% or less,

S: 0.020% or less,

Nb: 0.001% to 0.100%,
Al: 0.001% to 0.100%,

Cu: 0.001% to 2.000%,

Ni: 0.001% to 2.500%,
Cr: 0.001% to 1.500%,

Mo: 0.001% to 1.000%,

Ti: 0.001

oe

to 0.100%,

V: 0.001% to 0.300%,

B: 0.001% to 0.020%,

O: 0.050% or less, and

N: 0.010% or less,

the remainder being Fe and incidental impurities.
[6] In [5],

the weld metal has a chemical composition further
containing, on a mass percent basis,

one or two or more selected from the group consisting

of



W: 0.500% or less,

Ca: 0.0200% or less,

Mg: 0.0200% or less, and

REM: 0.0500% or less.

Advantageous Effects of Invention
[0019]

The present invention can provide a welded joint
produced by welding a steel plate with a thickness of 50 mm
or more. This is a narrow-gap welded joint having a sound
weld metal without welding defects, such as hot cracking and
incomplete fusion, and having both high strength and high
low-temperature impact toughness, and has industrially
significant advantages.

[0020]

A welded joint of a steel plate according to the
present invention is not limited to an offshore structure or
an offshore wind power generator and can also be applied to,
for example, shipbuilding, a line pipe, or construction.
Brief Description of Drawings
[0021]

[Fig. 1] Fig. 1 is a schematic cross-sectional view of
the shape of a weld metal of a welded joint according to the
present invention.

[Fig. 2] Fig. 2 is a schematic cross-sectional view of

a weld metal illustrating a welding process of a welded
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joint according to the present invention.

[Fig. 3] Fig. 3 is a partial enlarged view of a
schematic cross-sectional view of a weld metal illustrating
a welding process with three electrodes.

[Fig. 4] Fig. 4 is a schematic plan view of a welding
process with three electrodes.

[Fig. 5] Fig. 5 is a schematic plan view of a welding
process with four electrodes.

[Fig. 6] Fig. 6 is a schematic cross-sectional view of
a groove shape in (a) a V groove and (b) an X groove.

[Fig. 7] Fig. 7 is a schematic cross-sectional side
view of a relationship between a gas supply nozzle and an
electrode according to the present invention.

[Fig. 8] Fig. 8 is a schematic plan view of a
relationship between a gas supply nozzle and an electrode
according to the present invention.

Description of Embodiments
[0022]

The present invention is described in detail below. The
present invention is not limited to the following
embodiments.

[0023]
[Cross-Sectional Shape of Welded Joint]
First, a welded joint of a steel plate according to the

present invention will be described.
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A welded joint of a steel plate according to the
present invention is a butt-welded joint of a steel plate
with a thickness T (mm) of 50 mm or more, in which the weld
metal is composed of multiple layers with one pass per
layer. The ratio [A/p] of the cross-sectional area A (mm?)
of the weld metal in the direction perpendicular to the weld
line to the number of weld layers p (layers) is 120.0
mm?/layer or less, and the ratio [H/W] of the height H (mm)
to the width W (mm) of each layer in the weld metal is 1.00
or less. In the present invention, welding is not
symmetrically sequenced along the groove wall as in a known
welding method, but the weld metal is formed by welding with
one pass per layer of the weld metal, and welding can
therefore be performed with high efficiency.

[0024]

The steel plate has a thickness T of 50 mm or more to
be applied to a large structure or the like. The upper
limit of the thickness T is preferably, but not limited to,
200 mm or less, more preferably 50 to 160 mm, from the
perspective of constraints on production. The term "weld
line", as used herein, refers to an imaginary line when a
bead or a weld is represented as one line.

[0025]
The cross-sectional shape of the welded joint will be

described with reference to Fig. 1.
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With respect to the cross-sectional area A (mm?) of the
entire weld metal in the direction perpendicular to the weld
line, when welding is performed in p layers from Li (first
layer) to Ly (outermost surface layer), the cross-sectional
area per layer [A/p] is 120.0 mm2?/layer or less. This is
because when the weld metal has a weld area of 120.0 mm? or
less per layer, the welding heat input does not become
excessive, the thermal effects on the base material are
sufficiently small, and the weld metal can have good low-
temperature toughness characteristics. The ratio [A/p] is
preferably 80.0 mm?/layer or less. The ratio [A/p] 1s more
preferably 60.0 mm?/layer or less. The lower limit of the
ratio [A/p] is preferably, but not limited to, 25.0
mm?/layer or more from the perspective of welding
efficiency.

[0026]

Furthermore, the ratio [H/W] of the height H (mm) to
the width W (mm) of each layer in the weld metal is 1.00 or
less. For example, the ratio [Hi/Wi] of the height Hi to the
width W; of an i-th weld layer (L;) is 1.00 or less when 1 is
any of the first layer (initial layer) to the p-th layer
(outermost surface layer). The height H of the weld layer
represents the distance between the top and the bottom of
each layer, the width W represents the width of the weld

metal at the centerline of the height H (that is, the
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distance between the fusion lines), and the height Hi and
the width Wi of each layer are measured by cross-sectional
macro observation or the like to determine the ratio [Hi/Wi].
This is because a ratio [H/W] of more than 1.00 tends to
result in hot cracking, which occurs in an association
portion of dendrite when the solidification direction and
the tensile strain direction at the time of cooling coincide
with each other in the solidification process of the weld
metal. Thus, the maximum value of the ratio [H/W] of each
layer can be controlled to 1.00 or less to suppress the
occurrence of hot cracking. The ratio [H/W] is preferably
0.90 or less. The lower limit of the ratio [H/W] is
preferably, but not limited to, 0.10 or more, more
preferably 0.20 or more, from the perspective of welding
efficiency.

[0027]

[Groove Shape]

Next, a weld metal of a welded joint according to the
present invention is a weld metal formed by narrow-gap
multilayer welding with one pass per layer. The term
"narrow-gap", as used herein, means that the groove angle is
20 degrees or less and the maximum groove width between base
materials is 50% or less of the thickness T.

[0028]

In the case of single-sided welding, when the gap
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between base materials is 6 mm or less and the groove angle
is 20 degrees or less, and in the case of double-sided
welding, when the gap between base materials is 10 mm or
less and the groove angle is 20 degrees or less, the
occurrence of hot cracking can be suppressed. However, a
gap between base materials exceeding 6 mm may result in
incomplete fusion while welding of the first layer. Thus,
the groove shape that enables high-efficiency sound welding
of a steel plate of 50 mm or more is preferably such that
the gap between base materials is 6 mm or less and the
groove angle is 20 degrees or less, regardless of whether
single-sided welding or double-sided welding is applied.

The groove angle more preferably ranges from 4 to 20
degrees. Double-sided welding is more preferred because the
groove area can be decreased. Furthermore, as illustrated
in Figs. 6(a) and 6(b), when the gap is 0 mm, that is, when
base materials are in contact with each other, the width of
the weld metal is smaller than the height of the weld metal,
and the bead shape approaches a pear shape, as is clear from
Examples described later. Thus, welding distortion was
concentrated in a portion where impurities segregated in a
final solidification portion of the weld metal decreased the
melting point, so that hot cracking occurred, and incomplete
fusion at the time of welding was observed. Thus, the gap

is preferably more than 0 mm. The gap is more preferably 2
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mm Or more.
[0029]

[Chemical Composition of Steel Plate]

Next, a steel plate that is a base material of a welded
joint according to the present invention will be described.
First, the steel plate may be a carbon steel or a low-alloy
steel. Next, the chemical composition will be described,
and "%" in the chemical composition described below refers
to "% by mass" unless otherwise specified.

[0030]

[Basic Composition of Steel Plate]

A chemical composition of a steel plate of a welded
joint according to the present invention has the following
basic composition.

[0031]

The steel plate preferably has a chemical composition

o°

containing C: 0.04% to 0.14%, Si: 0.03% to 0.70%, Mn: 0.30
to 2.50%, P: 0.030% or less, S: 0.020% or less, Nb: 0.001%
to 0.100%, Al: 0.001% to 0.100%, O: 0.0100% or less, and N:
0.0100% or less, with the remainder being Fe and incidental
impurities.
[0032]

The reason why the chemical composition of the steel
plate is specified as described above in the present

invention will be described below.
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[C: 0.04% to 0.14%]

C is an element that can improve the strength of a
steel plate at the lowest cost and contributes to
strengthening an austenite grain boundary. A C content of
less than 0.04% results in a decrease in austenite grain
boundary strength, hot cracking of a slab, and consequently
a significant decrease in productivity. Furthermore, the
strength intended in the present invention may not be
achieved. On the other hand, a C content of more than 0.14%
may result in a decrease in weldability and also a decrease
in toughness. Thus, the C content preferably ranges from
0.04% to 0.14%. The C content more preferably ranges from
0.05% to 0.12%.

[0033]

[Si: 0.03% to 0.70%]

Although Si is an element effective for deoxidization,
a sufficient effect may not be achieved at a Si content of
less than 0.03%. On the other hand, a Si content of more
than 0.70% may result in a decrease in weldability. Thus,
the Si content preferably ranges from 0.03% to 0.70%. The
Si content more preferably ranges from 0.04% to 0.60%.
[0034]

[Mn: 0.30% to 2.50%]

Mn is an element that can improve the hardenability and

strength of steel at low cost. To produce the effects, the
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Mn content is preferably 0.30% or more. On the other hand,
a Mn content of more than 2.50% may result in a decrease in
weldability. Thus, the Mn content preferably ranges from
0.30% to 2.50%. The Mn content more preferably ranges from
0.50% to 2.20%.

[0035]

[P: 0.030% or less]

P is an element that significantly embrittles a grain
boundary, and a high P content may result in a steel plate
with low toughness. Thus, the P content is preferably
0.030% or less. The P content is more preferably 0.025% or
less. On the other hand, the P content is preferably as low
as possible, and therefore the lower limit of the P content
is not particularly limited and may be 0%. However, P is an
element that is inevitably contained as an impurity in a
steel plate, and an excessive decrease in the P content
results in an increase in refining time or an increase in
cost, so that the P content is preferably 0.001% or more.
[0036]

[S: 0.020% or less]

S may decrease the toughness of a steel plate, and
therefore the S content is preferably 0.020% or less. The S
content is more preferably 0.010% or less. On the other
hand, the S content is preferably as low as possible, and

therefore the lower limit of the S content is not
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particularly limited and may be 0%. However, S is an
element that is inevitably contained as an impurity in a
steel plate, and an excessive decrease in the S content
results in an increase in refining time or an increase in
cost, so that the S content is preferably 0.0001% or more.
[0037]

[Nb: 0.001% to 0.100%]

Nb is an element that suppresses recrystallization as
solid solution Nb or fine precipitated NbC when strain is
applied to an austenite microstructure and that has the
effect of shifting the non-recrystallization temperature
range to a higher temperature range. To produce the
effects, the Nb content is preferably 0.001% or more. On
the other hand, a Nb content of more than 0.100% may result
in deterioration of weldability. Thus, the Nb content
preferably ranges from 0.001% to 0.100%. The Nb content
more preferably ranges from 0.005% to 0.075%. The Nb
content particularly preferably ranges from 0.005% to
0.050%.

[0038]

[Al: 0.001% to 0.100%]

Al is an element that is effective as a deoxidizing
agent and has the effect of forming a nitride and decreasing
the austenite grain size. To produce the effects, the Al

content is preferably 0.001% or more. On the other hand, an
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Al content of more than 0.100% may result in a decrease in
the cleanliness of a steel raw material or a steel plate and
consequently a decrease in ductility and toughness. Thus,
the Al content preferably ranges from 0.001% to 0.100%. The
Al content more preferably ranges from 0.005% to 0.080%.
[0039]

[O: 0.0100% or less]

O is an element that reduces ductility and toughness,
and therefore the O content is preferably 0.0100% or less.
On the other hand, the O content is preferably as low as
possible, and therefore the lower limit of the O content is
not particularly limited and may be 0%. However, O is an
element that is inevitably contained as an impurity in a
steel plate, and an excessive decrease in the O content
results in an increase in refining time or an increase in
cost, so that the O content is preferably 0.0005% or more.
[0040]

[N: 0.0100% or less]

N is an element that decreases ductility and toughness,
and therefore the N content is preferably 0.0100% or less.
On the other hand, the N content is preferably as low as
possible, and therefore the lower limit of the N content is
not particularly limited and may be 0%. However, N is an
element that is inevitably contained as an impurity in a

weld metal, and therefore an excessive decrease in the N
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content results in an increase in refining time or an
increase in cost. Thus, the N content is preferably 0.0005%
or more.

[0041]

[Optional Composition of Steel Plate]

A steel plate of a welded joint according to the
present invention has the above-described basic composition
to obtain the characteristics intended by the present
invention and may contain the following optional composition
as necessary in addition to the above-described basic
composition for the purpose of further improving the
strength and weldability (more specifically, the toughness
of a weld, weldability, and the like).

[0042]

One or two or more selected from the group consisting
of Cu: 2.000% or less, Ni: 2.500% or less, Cr: 1.500% or
less, Mo: 1.000% or less, Ti: 0.100% or less, V: 0.300% or
less, B: 0.0100% or less, W: 0.500% or less, Ca: 0.0200% or
less, Mg: 0.0200% or less, and REM: 0.0500% or less. Cu,
Ni, Cr, Mo, Ti, V, B, W, Ca, Mg, and REM are chemical
compositions that can be optionally contained, and the
contents thereof may therefore be 0%.

[0043]
[Cu: 2.000% or less]

Cu is an element that can improve the strength of a
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steel plate without great deterioration of the toughness of
the steel plate. On the other hand, a Cu content of more
than 2.000% may result in a hot cracking problem caused by a
Cu-enriched layer formed directly under a scale. Thus, when
Cu is contained, the Cu content is preferably 2.000% or
less. More preferably, the Cu content ranges from 0.010% to
1.500%.

[0044]

[Ni: 2.500% or less]

Ni is an element that has the effects of enhancing the
hardenability of a steel plate and improving the toughness
of the steel plate. On the other hand, a Ni content of more
than 2.500% may result in the problem of increased
production costs. Thus, when Ni is contained, the Ni
content is preferably 2.500% or less. More preferably, the
Ni content ranges from 0.010% to 2.000%.

[0045]

[Cr: 1.500% or less]

Cr is an element that can improve the strength of a
steel plate by improving the hardenability of the steel
plate. On the other hand, a Cr content of more than 1.500%
may result in a decrease in weldability. Thus, when Cr 1is
contained, the Cr content is preferably 1.500% or less.
More preferably, the Cr content ranges from 0.010% to

1.200%.
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[0046]

[Mo: 1.000% or less]

Mo is an element that can improve the strength of a
steel plate by improving the hardenability of the steel
plate. On the other hand, a Mo content of more than 1.000%
may result in a decrease in weldability. Thus, when Mo 1is
contained, the Mo content is preferably 1.000% or less.
More preferably, the Mo content ranges from 0.010% to
0.800%.

[0047]

[Ti: 0.100% or less]

Ti is an element that precipitates as TiN and thereby
has the effects of pinning the movement of a grain boundary
and suppressing grain growth. On the other hand, a Ti
content of more than 0.100% may result in a decrease in the
cleanliness of a steel plate microstructure and consequently
a decrease in ductility and toughness. Thus, when Ti is
contained, the Ti content is preferably 0.100% or less.
More preferably, the Ti content ranges from 0.001% to
0.080%.

[0048]

[V: 0.300% or less]

V is an element that can improve the hardenability of a
steel plate and the strength of the steel plate due to the

formation of carbonitride. On the other hand, a V content
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of more than 0.300% may result in a decrease in weldability.
Thus, when V is contained, the V content is preferably
0.300% or less. More preferably, the V content ranges from
0.010% to 0.250%.

[0049]

[B: 0.0100% or less]

B is an element that is added in a trace amount to have
the effect of improving the strength of a steel plate by
improving hardenability. On the other hand, a B content of
more than 0.0100% may result in a decrease in weldability.
Thus, when B is contained, the B content is preferably
0.0100% or less. More preferably, the B content ranges from
0.0001% to 0.0070%.

[0050]

[W: 0.500% or less]

W is an element that can improve the strength of a
steel plate by improving the hardenability of steel. On the
other hand, a W content of more than 0.500% may result in a
decrease in weldability. Thus, when W is contained, the W
content is preferably 0.500% or less. More preferably, the
W content ranges from 0.010% to 0.400%.

[0051]
[Ca: 0.0200% or less]
Ca is an element that improves weldability by forming

an oxysulfide with high stability at high temperatures. On
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the other hand, a Ca content of more than 0.0200% may result
in a decrease in cleanliness and a decrease in the toughness
of a steel plate. Thus, when Ca is contained, the Ca
content is preferably 0.0200% or less. More preferably, the
Ca content ranges from 0.0001% to 0.0180%.

[0052]

[Mg: 0.0200% or less]

Mg is an element that improves weldability by forming
an oxysulfide with high stability at high temperatures. On
the other hand, at a Mg content of more than 0.0200%, the
effects of adding Mg are saturated and cannot be
commensurate with the Mg content, which is economically
disadvantageous. Thus, when Mg is contained, the Mg content
is preferably 0.0200% or less. More preferably, the Mg
content ranges from 0.0001% to 0.0180%.

[0053]

[REM: 0.0500% or less]

A rare-earth metal (REM) is an element that improves
weldability by forming an oxysulfide with high stability at
high temperatures. On the other hand, at a REM content of
more than 0.0500%, the effects of adding REM are saturated
and cannot be commensurate with the REM content, which is
economically disadvantageous. Thus, when REM is contained,
the REM content is preferably 0.0500% or less. More

preferably, the REM content ranges from 0.0001% to 0.0450%.
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[0054]

[Composition of Remainder of Steel Plate]

In a steel plate of a welded joint according to the
present invention, the remainder other than the chemical
composition described above is composed of Fe and incidental
impurities. Examples of the incidental impurities include
H, Z2n, Re, Co, Sb, and Bi, and a total content of 0.0100% or
less is acceptable. Furthermore, as long as the above-
described basic composition and the optional composition are
satisfied, elements other than these may be contained, and
such an embodiment is also included in the technical scope
of the present invention.

[0055]

[Ceq]

Furthermore, the chemical composition of the steel
plate more preferably satisfies the following conditions.

The relationship between Ceqg and the thickness T (mm)
satisfies 0.0004T + 0.25 £ Ceg < 0.0004T + 0.45.

Ceg i1s defined by the following formula (1) and is a
measure of hardenability due to elements contained.

Ceq = [C] + [Mn]/6 + ([Cr] + [Mo] + [V])/5 4+ ([Cu] +
[Ni]) /15 (1)

Each element symbol in the formula (1) denotes the
corresponding element content (% by mass) and is 0 in the

absence of the element.
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[0056]

To form a high-strength microstructure desired in the
present invention, it is necessary to control the cooling
rate depending on the thickness T of a steel plate and the
amount of alloy to be added depending on the thickness T,
and required strength cannot be achieved at Ceqg of less than
(0.0004T + 0.25). On the other hand, Ceq of more than
(0.0004T + 0.45) results in excessively high strength at a
steel plate surface, which has a higher cooling rate than
the mid-thickness position, and results in a decrease in
low-temperature impact toughness. Thus, 0.0004T + 0.25 <
Ceq £ 0.0004T + 0.45 is preferred. 0.0004T + 0.27 £ Ceq <
0.0004T + 0.43 is more preferred.

[0057]

[Characteristics of Steel Plate]

The characteristics of a steel plate used for a welded
joint according to the present invention will be described
below.

The dislocation density p (m™2) at a position 1 mm below
a steel plate surface is preferably 4.0 x 1014 m2 or less.
The dislocation density p (m?2) refers to a dislocation
length per unit volume in a metal crystal. The position is
defined at a position 1 mm below a surface of a base
material (that is, "a position 1 mm below a steel plate

surface") from the perspective of the bending workability of
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the steel plate. The bending workability of the steel plate
depends on the ductility of the surface layer microstructure
of the steel plate. An increase in the dislocation density
of the surface layer microstructure due to working strain
during hot rolling results in a decrease in the deformation
limit of the surface layer microstructure and a decrease in
the bending workability. Thus, the dislocation density at
the position 1 mm below the steel plate surface is 4.0 x 1014
m?2 or less. In general, a steel microstructure inevitably
contains a dislocation, and therefore it takes a very high
production cost to make the dislocation density less than
1.0 x 10 m=2. Thus, the dislocation density is preferably
1.0 x 10! m?2 or more, more preferably 3.0 x 10! m=2 or less.
[0058]

Furthermore, it is preferable that the average grain
size at the position 1 mm below the surface of the base
material be 15.0 um or less, and the average grain size at a
mid-thickness position of the base material be 20.0 um or
less.

[0059]

The average grain size refers to the average of all
crystal grains at the position 1 mm below the steel plate
surface and at the mid-thickness position, where the crystal
grains are defined as regions surrounded by a boundary with

a misorientation of 15 degrees or more, and can be measured
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by a method described later in Examples. The toughness of
the steel plate surface layer increases as the grain size of
the surface layer microstructure of the steel plate
decreases. To produce the effect, the average grain size at
the position 1 mm below the steel plate surface is
preferably 15.0 pym or less. More preferably, the average
grain size at the position 1 mm below the steel plate
surface is 13.0 um or less. Furthermore, the toughness at
the mid-thickness position increases as the grain size of
the steel microstructure at the mid-thickness position
decreases. To produce the effect, the average grain size at
the mid-thickness position is preferably 20.0 um or less.
More preferably, the average grain size at the position 1 mm
below the steel plate surface is 15.0 um or less. The
phrase "1 mm below a steel plate surface", as used herein,
refers to a position at a depth of 1 mm from the steel plate
surface in the thickness direction. The phrase "the mid-
thickness position", as used herein, refers to a position at
half the thickness of the steel plate.
[0060]

[Method for Producing Steel Plate]

Next, a method for producing the steel plate will be
described.

A steel plate to which the present invention is applied

can be produced by heating, hot rolling, and cooling a slab



- 37 -

(steel raw material) with the above-described chemical
composition. The cooling may be followed by an optional
tempering step. Various preferred conditions will be
described below. However, the present invention is not
limited to a specific production method as long as the
above-described steps are included.

[0061]

In the following description of the production method,
the temperature expressed in "°C" is the surface temperature
of a slab or a steel plate unless otherwise specified. The
surface temperature can be measured, for example, with a
radiation thermometer or the like.

[0062]

In the present invention, the method for melting a slab
is not particularly limited, and any known melting method
using a converter, an electric arc furnace, a vacuum melting
furnace, or the like is suitable. A slab is produced in
desired dimensions, for example, by a continuous casting
process. A molten steel may be further subjected to
secondary refining, such as ladle refining.

[0063]

- Heating Conditions

As described above, a slab thus produced is preferably
heated in the temperature range of 1000°C to 1200°C. When

the heating temperature of a slab is less than 1000°C,
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coarse NbC precipitated in the slab during slab casting is
not redissolved and remains. Consequently, it is impossible
to produce the effect of increasing the temperature in the
non-recrystallization temperature range by solid solution Nb
or fine NbC reprecipitated during hot rolling. This reduces
the grain refining effect of controlled rolling and
decreases the toughness. On the other hand, when the
heating temperature of the slab is more than 1200°C, the
grain growth of austenite increases the grain size at the
beginning of hot rolling and accordingly increases the grain
size of the final microstructure after the hot rolling and
decreases the toughness. Thus, the heating temperature of
the slab preferably ranges from 1000°C to 1200°C. The
heating temperature of the slab is more preferably 1030°C or
more, still more preferably 1170°C or less.
[0064]

- Hot Rolling Conditions

The heated slab is then preferably hot rolled. As
described above, in the present invention, the dislocation
density and the average grain size at the position 1 mm
below the steel plate surface and the average grain size at
the mid-thickness position are important. To obtain various
characteristics, rolling is preferably performed under the
following hot rolling conditions.

[0065]
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A temperature region exceeding (8250[Nb] + 770°C) in
terms of the temperature at the position 1 mm below the
steel plate surface or at the mid-thickness position is
referred to as a recrystallization temperature range.
Furthermore, a temperature range of (8250[Nb] + 770°C) to an
Ar3 temperature at the position 1 mm below the steel plate
surface or at the mid-thickness position is referred to as a
non-recrystallization temperature range. The temperature at
the mid-thickness position can be determined, for example,
by measurement with a thermocouple attached at the mid-
thickness position or by calculating the temperature
distribution in a cross section of the steel plate by heat
transfer analysis and correcting the result by the surface
temperature of the steel plate. [Nb] described above
denotes the corresponding element content (% by mass) in the
chemical composition of the steel plate.

[0066]

First, the steel plate temperature at the position 1 mm
below the steel plate surface is once decreased to the Ars
temperature or lower and is then increased above the Acs
temperature by recuperation. Rolling reduction is then
performed at a rolling reduction ratio of 25% or more at the
position 1 mm below the steel plate surface in the
temperature range in which the steel plate temperature at

the position 1 mm below the steel plate surface ranges from
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(8250 [Nb] + 770°C) to the Ars temperature. Rolling reduction
is then performed at a total rolling reduction ratio of 15%
or less in the temperature range in which the steel plate
temperature at the position 1 mm below the steel plate
surface is below the Arz temperature.

[0067]

The steel plate surface layer is temporarily cooled to
the Ars temperature or lower during the hot rolling of the
heated slab to transform austenite into a low-temperature-
formed microstructure, such as ferrite. Furthermore, the
steel plate surface layer is heated to the Acs temperature
or higher by the subsequent recuperation in order for
retransformation to an austenite microstructure and is
thereby formed into fine austenite.

[0068]

The cooling in this hot-rolling step is performed by
any method, for example, by water cooling or air cooling,
provided that the temperature can be controlled to a
predetermined temperature. For example, cooling to the Ars
temperature or lower is performed by water cooling, and the
residence time at the Ars temperature or lower at the
position 1 mm below the steel plate surface is preferably 5
seconds or more and preferably 300 seconds or less. The
recuperation after the cooling is performed by holding the

steel plate in the atmosphere, and the holding time is
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preferably 30 seconds or more and preferably 600 seconds or
less.
[0069]

Rolling reduction is then performed at a rolling
reduction ratio of 25% or more in the temperature range of
(8250 [Nb] + 770°C) to the Ars temperature in which the steel
plate surface layer is in the non-recrystallization
temperature range to introduce working strain into austenite
in the steel plate surface layer. This acts as a
transformation nucleus in the final cooling and forms a fine
microstructure with high toughness. The rolling reduction
ratio in this temperature range is preferably 30% or more.
From the perspective of rolling efficiency, the rolling
reduction ratio in this temperature range is preferably 80%
or less, more preferably 70% or less.

[0070]

The upper limit of the number of passes in this
temperature range is not particularly limited. For example,
a plurality of passes are possible, provided that the
conditions for the rolling reduction ratio described above
are satisfied.

[0071]

When the total rolling reduction ratio at a steel plate

surface layer temperature in the temperature range below the

Ar3 temperature is more than 15%, working strain is
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introduced into a ferrite microstructure or a pearlite
microstructure completely transformed in the steel plate
surface layer and reduces the ductility and bending
workability. Thus, the total rolling reduction ratio at a
steel plate surface layer temperature in the temperature
range below the Ars temperature is preferably 15% or less.
More preferably, the total rolling reduction ratio in this
temperature range is 6% or less.

[0072]

The microstructure controlling under the rolling
conditions of the steel plate surface layer described above
can form a steel plate surface layer with a microstructure
that simultaneously has a low dislocation density, a small
grain size, and high bending workability and toughness.
[0073]

The mid-thickness position is then preferably subjected
to rolling reduction at a total rolling reduction ratio of
25% or more in the temperature range in which the steel
plate temperature at the mid-thickness position is (8250 [Nb]
+ 770°C) or lower and the Ars temperature or higher.

[0074]

During the hot rolling under the rolling conditions of
the steel plate surface layer described above, the heated
slab is subjected to 25% or more rolling reduction in the

temperature range of (8250[Nb] + 770°C) to the Ars
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temperature in which the mid-thickness position is in the
non-recrystallization temperature range. This introduces
working strain into austenite at the mid-thickness position.
This acts as a transformation nucleus in the final cooling
and forms a fine microstructure with high toughness. Thus,
the total rolling reduction ratio in the temperature range
in which the temperature at the mid-thickness position is
(8250 [Nb] + 770°C) or lower is preferably 25% or more. More
preferably, the total rolling reduction ratio in this
temperature range is 30% or more. From the perspective of
rolling efficiency, the total rolling reduction ratio in
this temperature range is preferably 80% or less, more
preferably 70% or less.

[0075]

Below the Arz temperature at the mid-thickness position,
working strain is introduced into ferrite formed and
decreases the toughness. Thus, the mid-thickness position
is preferably the Arz temperature or higher.

[0076]

In the present invention, the temperature ranges in two
types of rolling, "rolling of the steel plate surface layer"
and "rolling of the mid-thickness position", may overlap
under the rolling conditions described above. In such a
case, it is sufficient if the rolling reduction in the

overlapping temperature range is integrated as each rolling
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reduction of "the steel plate surface layer" and "the mid-
thickness position", and the integrated rolling reduction is
within the rolling conditions.

[0077]

The total rolling reduction ratio in the
recrystallization temperature range at the steel plate
surface layer and at the mid-thickness position is
calculated by the total rolling reduction ratio = (r0 -
rl)/r0 x 100 (%) in a temperature range exceeding (8250[Nb]
+ 770°C). r0 denotes the thickness at the start of the
first rolling, and rl denotes the thickness after the final
rolling. The Ars temperature and the Acs temperature can be
determined in a Formaster test or the like.

[0078]

The microstructure controlling under the rolling
conditions at the mid-thickness position described above can
form a microstructure with a small grain size and high
toughness at the center position of the steel plate.

[0079]

- Cooling Conditions

After the above-described hot rolling, the steel plate
is cooled. The steel plate is cooled at an average cooling
rate of 2500 x T1-7°C/s or more in the temperature range of
700°C to 550°C at the mid-thickness position, wherein T

denotes the thickness [mm] of the steel plate. The cooling
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method is, for example, water cooling by which water is
ejected from a nozzle at a high flow rate, or the like. 1In
the present invention, a cooling operation (treatment) is
preferably performed on both sides of the steel plate so
that both sides of the steel plate are cooled under the same
conditions.

[0080]

When the average cooling rate in the temperature range
of 700°C to 550°C at the mid-thickness position after the
hot rolling is below 2500 x T-1-7°C/s, the strength required
in the present invention cannot be achieved due to an
insufficient cooling rate in the temperature range in which
austenite is transformed to a low-temperature transformation
microstructure. Furthermore, the toughness decreases due to
the formation of coarse ferrite. Thus, the average cooling
rate in the temperature range of 700°C to 550°C at the mid-
thickness position is preferably 2500 x T-1-7°C/s or more.
[0081]

In the present invention, if necessary, the cooling can
be followed by tempering to further improve the strength and
toughness. In such a case, after the cooling, the steel
plate is tempered at a tempering temperature of 650°C or
less. At a tempering temperature of more than 650°C, the
required strength may not be achieved due to significant

softening. Thus, the tempering temperature is preferably
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650°C or less. On the other hand, the lower limit of the
tempering temperature is preferably, but not limited to,
200°C or more. The tempering time can be appropriately
adjusted. The term "tempering temperature", as used herein,
refers to the temperature of the steel plate surface.

[0082]

[Chemical Composition of Weld Metal]

Next, the chemical composition of a weld metal of a
welded joint according to the present invention will be
described. "%" in the chemical composition refers to "% by
mass" unless otherwise specified.

[0083]

[Basic Composition of Weld Metal]

The chemical composition of a weld metal of a welded
joint according to the present invention has the following
basic composition.

The weld metal preferably has a chemical composition
containing C: 0.04% to 0.14%, Si: 0.03% to 0.70%, Mn: 0.30%
to 2.50%, P: 0.030% or less, S: 0.020% or less, Nb: 0.001%
to 0.100%, Al: 0.001% to 0.100%, Cu: 0.001% to 2.000%, Ni:
0.001% to 2.500%, Cr: 0.001% to 1.500%, Mo: 0.001% to
1.000%, Ti: 0.001% to 0.100%, V: 0.001% to 0.300%, B: 0.001%
to 0.020%, O: 0.050% or less, and N: 0.010% or less, with

the remainder being Fe and incidental impurities.

[0084]
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Thus, the reason why the chemical composition of the
weld metal is specified as described above in the present
invention will be described.

FEach composition can be added to (contained in) the
weld metal from either a steel plate or a wire as a welding
material.

[0085]

[C: 0.04% to 0.14%]

C is an element with an action of increasing the
strength of the weld metal by solid-solution strengthening
and is also an element contributing to strengthening of an
austenite grain boundary. A C content of less than 0.04%
may result in a decrease in austenite grain boundary
strength, and the strength intended in the present invention
may not be achieved. On the other hand, a C content of more
than 0.14% may result in promotion of the occurrence of weld
cracking and a decrease in the low-temperature impact
toughness of the weld metal. Thus, the C content preferably
ranges from 0.04% to 0.14%. The C content more preferably
ranges from 0.05% to 0.12%.

[0086]

[Si: 0.03% to 0.70%]

Si acts as a deoxidizing agent and has effects of
increasing the viscosity of the weld metal and stably

maintaining the bead shape. To produce such an effect, the
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Si content is preferably 0.03% or more. However, a Si
content of more than 0.70% may result in a decrease in the
low-temperature impact toughness of the weld metal.
Furthermore, Si sometimes segregates during solidification,
forms a liquid phase at a solidification cell interface, and
decreases the weld crack resistance. Thus, the Si content
preferably ranges from 0.03% to 0.70%. The Si content more
preferably ranges from 0.04% to 0.60%.

[0087]

\

[Mn: 0.30% to 2.50%]

Mn is an element that can improve the hardenability and
strength of the weld metal at low cost. To produce the
effects, the Mn content is preferably 0.30% or more. On the
other hand, a Mn content of more than 2.50% may result in
segregation of Mn during solidification, induction of hot
cracking, and a decrease in weldability. Thus, the Mn
content preferably ranges from 0.30% to 2.50%. The Mn
content more preferably ranges from 0.50% to 2.20%.

[0088]

[P: 0.030% or less]

P is an element with a large effect of embrittling a
grain boundary, and a high P content may result in a
decrease in the low-temperature impact toughness of the weld
metal, segregation at an interface during solidification,

and induction of hot cracking. Thus, the P content is
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preferably 0.030% or less. The P content is more preferably
0.025% or less. On the other hand, the P content is
preferably as low as possible, and therefore the lower limit
of the P content is not particularly limited and may be 0%.
However, P is an element that is inevitably contained as an
impurity in the weld metal, and an excessive decrease in the
P content results in an increase in cost, so that the P
content is preferably 0.001% or more.

[0089]

[S: 0.020% or less]

S may decrease the low-temperature impact toughness of
the weld metal, segregate at an interface during
solidification, and induce hot cracking, so that the S
content is preferably 0.020% or less. The S content is more
preferably 0.010% or less. On the other hand, the S content
is preferably as low as possible, and therefore the lower
limit of the S content is not particularly limited and may
be 0%. However, S is an element that is inevitably
contained as an impurity in the weld metal, and an excessive
decrease in the S content results in an increase in cost, so
that the S content is preferably 0.0001% or more.

[0090]
[Nb: 0.001% to 0.100%]
Nb is a carbide-forming element and is an element that

precipitates carbide and contributes to an improvement in
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the strength of the weld metal. Furthermore, Nb
precipitates carbide at a solidification cell interface of
the weld metal and contributes to suppression of the
occurrence of hot cracking. To produce the effects, the Nb
content is preferably 0.001% or more. On the other hand, a
Nb content of more than 0.100% may result in coarsening of
carbide, cause a starting point of fracture, and result in a
decrease in cryogenic impact toughness. Thus, the Nb
content preferably ranges from 0.001% to 0.100%. The Nb
content more preferably ranges from 0.005% to 0.075%. The
Nb content particularly preferably ranges from 0.005% to
0.050%.

[0091]

[Al: 0.001% to 0.100%]

Al acts as a deoxidizing agent and has important
effects of increasing the viscosity of molten metal and
stably maintaining the bead shape. To produce the effects,
the Al content is preferably 0.001% or more. On the other
hand, an Al content of more than 0.100% may result in a
decrease in the cleanliness of the weld metal and
consequently a decrease in ductility and toughness. This
may also result in the weld metal with an excessively high
viscosity and conversely an increase in defects, such as
incomplete fusion, because the bead does not spread. Thus,

the Al content preferably ranges from 0.001% to 0.100%. The
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Al content more preferably ranges from 0.005% to 0.080%.
[0092]

[Cu: 0.001% to 2.000%]

Cu is an element that can improve the strength of the
weld metal without significant deterioration of the
toughness of the weld metal. To produce the effect, the Cu
content is preferably 0.001% or more. On the other hand, a
high Cu content of more than 2.000% may result in
segregation during solidification and induction of hot
cracking. Thus, when Cu is contained, the Cu content is
preferably 2.000% or less. The Cu content more preferably
ranges from 0.005% to 1.500%. The Cu content still more
preferably ranges from 0.005% to 1.000%, still more
preferably 0.005% to 0.500%.

[0093]

[Ni: 0.001% to 2.500%]

Ni is an element that has the effects of enhancing the
hardenability of the weld metal and improving the toughness
of the weld metal. To produce the effects, the Ni content
is preferably 0.001% or more. However, Ni is an expensive
element, and a Ni content of more than 2.500% is
economically disadvantageous. Thus, when Ni is contained,
the Ni content is preferably 2.500% or less. The Ni content
more preferably ranges from 0.010% to 2.000%. The Ni

content still more preferably ranges from 0.010% to 1.500%,
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still more preferably 0.010% to 1.000%.
[0094]

[Cr: 0.001% to 1.500%]

Cr is an element that can improve the strength of the
weld metal by improving the hardenability of the weld metal.
To produce the effect, the Cr content is preferably 0.001%
or more. On the other hand, a Cr content of more than
1.500% may result in a decrease in weldability. This may
also result in the formation of Cr carbide and a decrease in
low-temperature impact toughness. Thus, when Cr is
contained, the Cr content is preferably 1.500% or less. The
Cr content more preferably ranges from 0.010% to 1.200%,
still more preferably 0.010% to 1.000%.

[0095]

[Mo: 0.001% to 1.000%]

Mo is an element that can improve the strength of the
weld metal by improving the hardenability of the weld metal.
To produce the effect, the Mo content is preferably 0.001%
or more. On the other hand, a Mo content of more than
1.000% may result in a decrease in weldability. Thus, when
Mo is contained, the Mo content is preferably 1.000% or
less. More preferably, the Mo content ranges from 0.010% to
0.800%.

[0096]

[Ti: 0.001% to 0.100%]
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Ti is an element that can precipitate as fine
carbonitride in the weld metal and improve the strength of
the weld metal. To produce the effect, the Ti content is
preferably 0.001% or more. On the other hand, a Ti content
of more than 0.100% may result in a decrease in the
cleanliness of the weld metal microstructure and
consequently a decrease in ductility and toughness. Thus,
when Ti is contained, the Ti content is preferably 0.100% or
less. More preferably, the Ti content ranges from 0.005% to
0.080%.

[0097]

[V: 0.001% to 0.300%]

V is an element that can improve the hardenability of
the weld metal and improve the strength of the weld metal by
the formation of carbonitride. To produce the effects, the
V content is preferably 0.001% or more. On the other hand,
a V content of more than 0.300% may result in a decrease in
weldability. Thus, when V is contained, the V content is
preferably 0.300% or less. More preferably, the V content
ranges from 0.005% to 0.250%. The V content more preferably
ranges from 0.005% to 0.150%, still more preferably 0.005%
to 0.100%.

[0098]
[B: 0.001% to 0.020%]

B is an element that is added in a trace amount to have
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the effect of improving the strength of the weld metal by
improving hardenability. To produce the effect, the B
content is preferably 0.001% or more. On the other hand, a
B content of more than 0.020% may result in a decrease in
weldability. Thus, when B is contained, the B content is
preferably 0.020% or less. More preferably, the B content
ranges from 0.005% to 0.018%.

[0099]

[O: 0.050% or less]

O is an element that decreases ductility and toughness,
and therefore the O content is preferably 0.050% or less.
On the other hand, the O content is preferably as low as
possible, and therefore the lower limit of the O content is
not particularly limited and may be 0%. However, O is an
element that is inevitably contained as an impurity in the
weld metal, and an excessive decrease in the O content
results in an increase in cost, so that the O content is
preferably 0.0005% or more.

[0100]

[N: 0.010% or less]

N is an element that decreases ductility and toughness,
and therefore the N content is preferably 0.010% or less.
On the other hand, the N content is preferably as low as
possible, and therefore the lower limit of the N content is

not particularly limited and may be 0%. However, N is an
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element that is inevitably contained as an impurity in the
weld metal, and therefore an excessive decrease in the N
content results in an increase in cost, so that the N
content is preferably 0.0005% or more.

[0101]

[Optional Composition of Weld Metall]

Although a weld metal according to the present
invention with the above-described basic composition can
have the characteristics intended by the present invention,
for the purpose of further improving the strength and
weldability (more specifically, the toughness of a weld,
weldability, and the like), a weld metal according to the
present invention can contain the following optional
composition as necessary in addition to the above-described
basic composition.

[0102]

One or two or more selected from the group consisting
of W: 0.500% or less, Ca: 0.0200% or less, Mg: 0.0200% or
less, and REM: 0.0500% or less. W, Ca, Mg, and REM are
compositions that can be optionally contained, and the
contents thereof may therefore be 0%.

[0103]
[W: 0.500% or less]
W is an element that can improve the strength of the

weld metal by improving the hardenability of the weld metal.
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On the other hand, a W content of more than 0.500% may
result in a decrease in weldability. Thus, when W is
contained, the W content is preferably 0.500% or less. The
W content is preferably 0.001% or more. More preferably,
the W content ranges from 0.001% to 0.300%.

[0104]

[Ca: 0.0200% or less]

Ca is an element that improves weldability by forming
an oxysulfide with high stability at high temperatures. On
the other hand, a Ca content of more than 0.0200% may result
in a decrease in cleanliness and a decrease in the toughness
of the weld metal. Thus, when Ca is contained, the Ca
content is preferably 0.0200% or less. More preferably, the
Ca content ranges from 0.0001% to 0.0180%. Still more
preferably, the Ca content ranges from 0.0001% to 0.0100%.
[0105]

[Mg: 0.0200% or less]

Mg is an element that improves weldability by forming
an oxysulfide with high stability at high temperatures. On
the other hand, at a Mg content of more than 0.0200%, the
effects of adding Mg are saturated and cannot be
commensurate with the Mg content, which is economically
disadvantageous. Thus, when Mg is contained, the Mg content
is preferably 0.0200% or less. More preferably, the Mg

content ranges from 0.0001% to 0.0180%. Still more



- 57 -

preferably, the Mg content ranges from 0.0001% to 0.0150%.
[0106]

[REM: 0.0500% or less]

A rare-earth metal (REM) is an element that improves
weldability by forming an oxysulfide with high stability at
high temperatures. On the other hand, at a REM content of
more than 0.0500%, the effects of adding REM are saturated
and cannot be commensurate with the REM content, which is
economically disadvantageous. Thus, when REM is contained,
the REM content is preferably 0.0500% or less. More
preferably, the REM content ranges from 0.0001% to 0.0450%.
[0107]

[Remainder Composition of Weld Metal]

In a weld metal according to the present invention, the
remainder other than the above chemical composition is
composed of Fe and incidental impurities. The incidental
impurities are components that are incorporated from a
welding wire, a steel plate, the ambient atmosphere, and the
like in a welding process, and refer to components that are
not intentionally contained. Examples of the incidental
impurities include H, Zn, Re, Co, Sb, and Bi, and a total
content of 0.0100% or less is acceptable. Furthermore, as
long as the above-described basic composition and the
optional composition are satisfied, elements other than

these may be contained, and such an embodiment is also
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included in the technical scope of the present invention.
[0108]

[Mechanical Properties of Weld Metal]

Preferred mechanical properties of a welded joint
according to the present invention will be described below.

In the weld metal with the above-described chemical
composition, it is preferable that the room-temperature
yield strength (0.2% proof strength) in a tensile test of a
weld metal produced in accordance with the provision of JIS
Z 3111 be 325 MPa or more and the tensile strength thereof
be 520 MPa or more.

The welded joint preferably has a room-temperature
tensile strength of 520 MPa or more. The term "room
temperature", as used herein, refers to 25.0°C.

[0109]

Furthermore, the absorbed energy (vE-iz0) of a weld metal
and a weld heat-affected zone of a welded joint produced in
accordance with the provision of JIS Z 3128 in a V-notch
Charpy impact test at a test temperature of -40°C is
preferably 30 J or more. This is because less than 30 J may
result in a decrease in the toughness of a structure
including the joint and a higher likelihood of fracture.
[0110]

[Method for Producing Welded Joint]

Next, a method for producing a welded joint according



- 59 -

to the present invention will be described. More
specifically, a method for producing a welded joint formed
by gas-shielded arc welding of the above-described steel
plate will be described.

First, a steel plate with the above-described chemical
composition and with a thickness of 50 mm or more is
prepared. Edge preparation is then performed such that the
prepared steel plates form a predetermined groove shape.
The groove shape to be formed is, for example, but not
limited to, a V groove, a single bevel groove, an X groove,
a double bevel groove, or the like, which is commonly used
for a welded structure.

[0111]

The steel plates subjected to the edge preparation are
then welded to each other one pass per layer to form a
multilayer weld metal preferably with three or more layers,
thereby forming a welded joint. When welding is performed
with one layer or two layers of weld metal, the heat at the
time of welding does not spread uniformly in the groove and
induces a welding defect. The welding wire to be used is
not particularly limited as long as a weld metal with
desired characteristics can be formed.

[0112]
[Gas-Shielded Arc Welding Method]

A welding method used in the present invention is a
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multielectrode gas-shielded arc welding method for stably
producing a narrow-gap welded joint having a weld metal
without welding defects and having high strength and low-
temperature impact toughness.
[0113]

As the welding conditions of a gas-shielded arc welding
method according to the present invention, it is necessary
to appropriately control the welding conditions described

below with reference to the drawings.

[0114]

[Welding Conditions (Basic Conditions and Optional
Conditions) ]

(1) Basic Welding Conditions

(a) Multilayer welding with three or more electrodes is
performed.

(b) Welding wire tips of the first electrode and the
second electrode are arranged on different parallel weld
lines. (See Fig. 4)

(c) One of the first electrode and the second electrode
is set to wire negative (positive polarity), and the other
is set to wire positive (reverse polarity).

(d) The distance a (mm) between the welding wire tips
of the first electrode and the second electrode ranges from
5 to 16 mm. (See Fig. 4)

(e) An angle o of a straight line connecting each
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welding wire tip of the first electrode and the second
electrode relative to the direction perpendicular to the
weld line is 60 degrees or less. (See Fig. 4)

(f) A welding wire containing 0.015% to 0.100% by mass
of REM is used for the electrode set to wire negative
(positive polarity).

(2) Optional Welding Conditions

(g) The inclination angle & toward a groove face of
each contact tip front end of the first electrode and the
second electrode relative to the direction perpendicular to
the weld line ranges from 0 degrees to 15 degrees. (See
Fig. 3)

(h) The distance d (mm) between a side end portion of
each welding wire tip of the first electrode and the second
electrode and the groove face ranges from 0.5 to 3.0 mm.
(See Figs. 2 and 3)

(1) Each welding wire is a welding wire curved in
advance at a radius of curvature in the range of 150 to 300
mm.

(j) Third and subsequent electrodes are disposed at a
center of the groove behind the first electrode and the
second electrode. (See Figs. 4 and 5)

(k) A gas containing 60% by volume or more of CO2 gas is
used as a shielding gas.

[0115]
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[Individual Welding Conditions]

The above welding conditions will be individually
described in more detail.
[0116]

(a) Multilayer Welding with Three or More Electrodes

In narrow-gap multilayer welding with one pass per
layer, one electrode tends to result in concentration of
heat on the center of a groove, insufficient melting of the
steel material on the groove face, and a defect caused by
incomplete fusion (cold lap), by spatters deposited on the
groove face, or by slag inclusion. In particular, in the
first layer welding, the steel material has a low
temperature, the melt depth is small, and therefore a defect
caused by incomplete fusion is likely to occur. From the
perspective of improving the welding procedure efficiency,
multiple electrode welding with three or more electrodes is
advantageous. Four or less electrodes are preferred from
the perspective of welding procedure efficiency. Three
electrodes are most preferred.
[0117]

(b) Arrangement of Electrodes

Welding wire tips of the first electrode and the second
electrode are arranged on different parallel weld lines.
Fig. 4 illustrates an arrangement example of the welding

wire tips for three electrodes, and Fig. 5 illustrates an
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arrangement example of the welding wire tips for four
electrodes. As illustrated in these figures, a welding wire
tip 5c of a first electrode 5 and a welding wire tip 6c of a
second electrode 6 are arranged on different parallel weld
lines 9. This spreads an arc emitted from each welding wire
of the first electrode and the second electrode in the width
direction of the weld metal to be formed.
[0118]

(c) Polarity of Electrode

One of the first electrode and the second electrode is
set to wire negative (positive polarity), and the other is
set to wire positive (reverse polarity). When the first
electrode and the second electrode have the same polarity,
for example, when both the first electrode and the second
electrode are set to wire positive, their arcs are directed
inward by an attractive electromagnetic force, and heat is
concentrated on the center of the groove, resulting in
insufficient melting on the groove face. However, when the
first electrode and the second electrode have different
polarities and the welding wire tips described in the above
(b) are arranged on different lines parallel to the weld
lines, the magnetic fields due to the welding currents
generate strong outward electromagnetic force, and the arcs
repel each other. This can result in a sufficient melt

depth on the groove face. From this result, in the present
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invention, one of the polarities of the first electrode and
the second electrode is set to wire negative (positive
polarity), and the other is set to wire positive (reverse
polarity) .

[0119]

(d) Distance a between First and Second Electrode Tips:
5 to 16 mm

It is necessary to control the distance a between
welding wire tips 5b and 6b fed from contact tips 5a and 6a
at welding torch tips of the first electrode 5 and the
second electrode 6 (hereinafter also referred to simply as
"the distance between the first and second electrode tips")
to be in the range of 5 to 16 mm. As illustrated in Fig. 4,
the distance a between the welding wire tips 5b and 6b
refers to the distance between the centers of the welding
wire tips 5c and 6c¢ in each electrode.

[0120]

When the distance a between the first and second
electrode tips is less than 5 mm, an electric current
(electron) flows between the electrodes and decreases the
heat of the arc itself, resulting in insufficient melting on
the groove face. On the other hand, when the distance a is
more than 16 mm, the outward electromagnetic force between
the electrodes decreases in inverse proportion to the

distance, and arc repulsive force to overcome inward
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electromagnetic force generated by an electric current
flowing through the groove face cannot be obtained, so that
the arcs turn inward toward each other and heat is
concentrated in the center of the groove. This results in
insufficient melting on the groove face.

[0121]

Furthermore, although suppression of welding defects
caused by deposition of spatters to the groove face is a
problem in narrow-gap welding, the welding conditions (b),
(c), and (d) are controlled to absorb the spatters by the
respective molten metals. This can suppress the deposition
of spatters to the groove face and can form a sound weld.
[0122]

Thus, the distance a between the first and second
electrode tips is controlled in the range of 5 to 16 mm, but
to achieve a deeper and stable melt depth of the groove face
by stronger repulsion of the arc, the distance a between the
first and second electrode tips is preferably controlled in
the range of 5 to 8 mm.

[0123]

(e) First and Second Electrode Tips Arrangement Angle
a: 60 Degrees or Less

In a narrow-gap gas-shielded arc welding method
according to the present invention, repulsion of arc is

utilized to ensure melting on a groove face. Here, in Fig.
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4, an angle a of a straight line connecting the welding wire
tips 5c and 6c¢ of the first electrode 5 and the second
electrode 6 relative to the direction perpendicular to the
weld lines 9 (hereinafter also referred to simply as "a
first and second electrode tips arrangement angle") will be
described. An angle o of more than 60 degrees results in
insufficient repulsive force of the arc and insufficient
melting on the groove face. Thus, the angle o is limited to
60 degrees or less. The angle o is preferably 45 degrees or
less. The angle o may be 0 degrees (that is, parallel to
the direction perpendicular to the weld lines). More
preferably, the angle o is 25 degrees or more.
[0124]

(f) REM Content of Welding Wire Used for Positive
Electrode

A rare-earth element (REM) is an element that is
effective in refining an inclusion during steelmaking and
during casting and improving the toughness of the weld metal
during welding. Furthermore, when a welding wire containing
REM is fed to the electrode set to wire negative (positive
polarity) for welding, it is possible to miniaturize a
droplet and stabilize the transfer. This fine droplet
transfer can suppress the formation of spatters and enables
stable gas-shielded arc welding even with positive polarity.

Thus, in the present invention, a steel wire containing



- 67 -

0.015% to 0.100% by mass of a rare-earth element (REM) is
fed to the electrode with the positive polarity. An element
other than the rare-earth elements (REMs) is contained in an
appropriate amount that is typically contained according to
the grade (steel grade) of a welding wire, as defined in JIS
Z 3312. When the rare-earth element (REM) content is less
than 0.015% by mass, the above-described miniaturization of
a droplet and stabilization of transfer cannot be achieved.
On the other hand, a REM content of more than 0.100% by mass
results in cracking during a wire production process, which
makes it difficult to produce a welding wire. Thus, the
rare-earth element (REM) content is limited to the range of
0.015% to 0.100% by mass. The REM content preferably ranges
from 0.025% to 0.050% by mass.

[0125]

A welding wire for gas-shielded arc welding is
typically produced with a diameter in the range of 0.6 to
2.0 mm, and for welding at the same electric current, a
smaller wire diameter generally results in a higher
deposition rate due to Joule heat. Thus, to realize high-
efficiency welding, it is preferable to select a relatively
small wire diameter. On the other hand, a wire with a too
small diameter is softened by Joule heat and makes welding
unstable. Thus, a welding wire to be used preferably has a

diameter in the range of 1.0 to 1.6 mm.
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[0126]

The above-described welding conditions are basic
welding conditions in gas-shielded arc welding according to
the present invention, and a narrow-gap welded joint with
high strength and low-temperature impact toughness without
welding defects can be produced by welding under the above-
described conditions.

[0127]

Furthermore, in the present invention, a narrow-gap
welded joint with high strength and low-temperature impact
toughness without welding defects can be more stably
produced by satisfying optional welding conditions described
below in addition to the basic welding conditions described
above.

[0128]

(g) Inclination Angle @& of Contact Tip: 0 Degrees to 15
Degrees

An arc has directivity and tends to be oriented in the
direction in which a welding wire tip of an electrode
points. To effectively utilize the directivity of the arc
for the melting on the groove face, it is advantageous to
direct the direction of a welding wire tip toward the groove
face, and the direction of the welding wire tip changes
greatly with the feed angle of a welding wire fed from a

contact tip at an electrode tip. Thus, as illustrated in
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Fig. 3, the feed angles of the welding wires 5b and 6b of
the first electrode 5 and the second electrode 6 relative to
a bottom portion of a weld metal 2 are the same as the
inclinations of the front ends of the contact tips 5a and 6a
of each electrode. Thus, the feed angle of a welding wire
fed from each contact tip relative to a weld metal bottom
portion can be controlled by adjusting the inclination angle
® of the contact tip front end toward a groove face 4
(hereinafter also referred to as "the inclination angle & of
the contact tip"). The term "weld metal bottom portion", as
used herein, refers to a bottom portion of each weld layer
of the weld metal and refers to the vicinity of the boundary
with the previous weld layer.

[0129]

When the inclination angle ® of each contact tip of the
first electrode and the second electrode is less than O
degrees (that is, in a case where the contact tip is
inclined to the side opposite to the groove face), the
electric current flows through a path with a smaller
resistance. Consequently, an arc climbs up along a wire
that serves as an electrode (also referred to as "arc
climbing"), making it difficult to maintain melting on a
target groove face, particularly a bottom portion. On the
other hand, when the inclination angle & of the contact tip

is more than 15 degrees, the arc is directed too much toward
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the groove face, forming a convex weld bead, resulting in
insufficient melting by the arc in welding after the first
layer, so that a welding defect is likely to occur. Thus,
the inclination angle & of the contact tip preferably ranges
from 0 degrees to 15 degrees. More preferably, the
inclination angle & of the contact tip ranges from 5 degrees
to 12 degrees.
[0130]

(h) Distance d between Welding Wire Tip End Portion and
Groove Face: 0.5 to 3.0 mm

To achieve a deeper and stable melt depth at a weld
metal bottom portion, as illustrated in Figs. 2 and 3, the
distance d between side end portions of the welding wire
tips 5c and 6c¢ of the first electrode 5 and the second
electrode 6 and the groove face 4 of the steel plate
preferably ranges from 0.5 to 3.0 mm. When the distance d
is less than 0.5 mm, the arc is generated not between the
wire and the weld metal bottom portion but between the wire
and the groove face, and the previous weld layer and the
groove face cannot be efficiently melted at the weld metal
bottom portion.
[0131]

On the other hand, when the distance d is more than 3.0
mm, the arc is separated from the groove face, and the

groove face cannot be efficiently melted. The distance d
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more preferably ranges from 0.5 to 2.0 mm, still more
preferably 0.5 to 1.0 mm. The phrase "a side end portion of
a welding wire tip", as used herein, refers to a side end
portion on the side closest to a groove face of a steel
plate to be melted by each electrode, and the distance d
refers to the shortest distance between the side end portion
and the groove face 4.
[0132]

(i) Radius of Curvature of Welding Wire To Be Fed: 150
to 300 mm

In the present invention, to control the feed angle (®)
of the welding wires 5b and 6b fed from the contact tips at
the welding torch tips of the first electrode 5 and the
second electrode 6, the contact tips 5a and 6a with front
end portions inclined toward the groove face side as
illustrated in Fig. 3 are used. At this time, the welding
wires 5b and 6b pass through contact tips with front end
portions inclined to the groove face side, and to facilitate
smoother feeding, it is preferable to curve the welding
wires in advance using a so-called three-point roller or the
like (not shown).
[0133]

The radius of curvature in the case of curving in
advance preferably ranges from 150 to 300 mm. A radius of

curvature of less than 150 mm results in high wire feed
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resistance, unstable feeding of a welding wire, and makes it
difficult to maintain the arc. On the other hand, when a
welding wire has a radius of curvature of more than 300 mm,
there is no effect in reducing the wire feed resistance in a
state where a contact tip front end is curved, so that the
welding wire cannot be stably fed, and it becomes difficult
to maintain the arc. Thus, a welding wire to be fed to the
contact tips of the first electrode and the second electrode
preferably has a radius of curvature in the range of 150 to
300 mm. More preferably, the welding wire has a radius of
curvature in the range of 175 to 275 mm.
[0134]

(7) Arrangement of Third and Subsequent Electrodes

To avoid the risk of hot cracking, as illustrated in
Figs. 4 and 5, it is effective to arrange welding wire tips
(7c and 8c) of third and subsequent electrodes at the center
of the groove behind the welding wire tips (5c and 6c) of
the first electrode and the second electrode. This can
further decrease the number of stacked layers and greatly
reduce the risk of stacking faults in multilayer welding.
[0135]

The distance b between the welding wire tip 6c of the
second electrode and the welding wire tip 7c of the third
electrode preferably ranges from 10 to 100 mm, more

preferably 10 to 60 mm, still more preferably 10 to 40 mm,
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most preferably 10 to 25 mm. Furthermore, the distance c
between the welding wire tip 7c of the third electrode and
the welding wire tip 8c of the fourth electrode also
preferably ranges from 10 to 100 mm, more preferably 10 to
60 mm, still more preferably 10 to 40 mm, most preferably 10
to 25 mm.

[0136]

The polarity of the third and subsequent electrodes may
be, but is not limited to, either wire negative (positive
polarity) or wire positive (reverse polarity).

[0137]

(k) Shielding Gas Composition

The oxygen content of the weld metal is also greatly
affected by the shielding gas composition, and it is
therefore preferable to use a shielding gas composition
containing 60% by volume or more of CO2 gas, with the
remainder being an inert gas, such as Ar. It is more
preferably a gas containing 100% by volume of CO:z gas.
[0138]

A nozzle for supplying the shielding gas is preferably
disposed as described below.

[0139]

A shielding gas supply nozzle 11 is disposed in front

of the first electrode 5 in the welding direction in the

groove to secure a good shielding property in gas-shielded
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arc welding, which is an object of the present invention, to
suppress entrainment of nitrogen in the atmosphere, and to
reduce deterioration of the low-temperature toughness of the
weld metal and occurrence of a welding defect.

[0140]

This will be described in detail below with reference
to Figs. 7 and 8. Fig. 7 is a schematic cross-sectional
side view of a positional relationship between a shielding
gas supply nozzle and electrodes, and Fig. 8 is a plan view
of the same positional relationship as in Fig. 7 as viewed
from above. These figures illustrate an example of three-
electrode welding in which the first electrode 5, the second
electrode 6, and a third electrode 7 are arranged. The
shielding gas supply nozzle 11 is disposed in front of the
first electrode 5 in the welding direction, and a gas outlet
1la from which the shielding gas is discharged is directed
to the first electrode 5. At the time of welding, arc
welding is performed while the shielding gas supply nozzle
11 moves in the welding direction in conjunction with the
three electrodes and supplies the shielding gas.

[0141]

The gas outlet 1la preferably has a cross-sectional
area N in the range of 100 mm? to 350 mm?2.

[0142]

A cross-sectional area N of the gas outlet 1la below
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100 mm? results in a decrease in the gas blowing area and an
insufficient shielding property. On the other hand, a
cross-sectional area N of the gas outlet 1lla exceeding 350
mm? results in dispersion of the gas to a portion other than
the groove bottom portion and an insufficient shielding
property. Thus, the gas outlet 1la preferably has a cross-
sectional area N in the range of 100 mm? to 350 mm?. The
cross-sectional area N more preferably ranges from 125 mm?2
to 300 mm?.

[0143]

The supply flow rate Q of the shielding gas preferably
ranges from 35 L/min to 70 L/min.
[0144]

A supply flow rate Q of the shielding gas below 35
L/min results in an insufficient amount of the gas supplied
to a molten pool 12 and deterioration of the shielding
property. On the other hand, a supply flow rate Q of the
shielding gas exceeding 70 L/min results in a higher
likelihood of an excessive shielding gas flow velocity and
the occurrence of a welding defect. Thus, the shielding gas
preferably has a supply flow rate Q in the range of 35 L/min
to 70 L/min. The supply flow rate Q more preferably ranges
from 40 L/min to 65 L/min. Although the flow velocity of
the shielding gas changes depending on the combination of

the supply flow rate Q of the shielding gas and the cross-
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sectional area N of the gas outlet, the flow velocity
preferably ranges from 2 m/s to 7 m/s.
[0145]

The gas outlet has a tip with the following appropriate
cross-sectional shape.
[0146]

Although Figs. 7 and 8 illustrate only the tip portion
of the shielding gas supply nozzle 11, the tip of the gas
outlet 1la may have any cross-sectional shape. However, a
nozzle with a larger cross-sectional area can be inserted
into the groove when the cross-sectional shape of the tip is
rectangular rather than circular, and the gas outlet tip
therefore preferably has a rectangular cross-sectional
shape.

[0147]

An angle X formed by a cross section of the gas outlet
1la and the groove bottom portion to be welded preferably
ranges from 40 degrees to 80 degrees (see Fig. 7).

[0148]

When the angle X formed by the cross section of the gas
outlet 1lla and the groove bottom portion to be welded is
less than 40 degrees, the shielding gas does not
sufficiently reach the third electrode 7, resulting in an
insufficient shielding property. On the other hand, an

angle X of more than 80 degrees results in dispersion of the
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gas to a portion other than the groove bottom portion and an
insufficient shielding property. Thus, the angle X formed
by the cross section of the gas outlet 1la and the groove
bottom portion to be welded preferably ranges from 40
degrees to 80 degrees. The angle X more preferably ranges
from 45 degrees to 75 degrees.

[0149]

A distance Y between the tip of the gas outlet 1lla and
the welding wire tip 5c of the first electrode 5 is
preferably 40 mm or less (see Figs. 7 and 8). The distance
between the gas outlet 1la and the electrode is also
effective for the shielding property. That is, when the
distance Y between the tip of the gas outlet 1la (more
specifically, the portion closest to the electrode) and the
welding wire tip 5c¢ of the first electrode 5 is more than 40
mm, the shielding gas does not sufficiently reach the entire
electrode, and the gas is dispersed to a portion other than
the groove bottom portion, resulting in an insufficient
shielding property. Thus, the distance Y is preferably 40
mm or less. The distance Y more preferably ranges from 5 mm
to 35 mm.

[0150]
[Other Welding Conditions]
Conditions other than the above-described welding

conditions are not particularly specified. For example, the
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welding current may range from 280 to 360 A, the welding
voltage may range from 32 to 37 V, the welding speed may
range from 30 to 90 (cm/min), the wire extension may range
from 15 to 30 (mm), and the welding heat input per pass may
range from 10 to 50 (kJ/cm).
[0151]

For multilayer welding with three electrodes, the
following welding current conditions are more preferred.

First, a current value Il of the first electrode and a
current value IZ2 of the second electrode are set in the
range of 280 A to 360 A. The current values Il and I2 of
the first electrode and the second electrode below 280 A
result in a higher likelihood of insufficient melting on the
groove face and incomplete fusion. On the other hand,
current values Il and I2 of more than 360 A increase the
risk of hot cracking due to a vertically oriented weld bead
with a higher height. Thus, the current value Il of the
first electrode and the current value I2 of the second
electrode preferably range from 280 A to 360 A, more
preferably 280 A to 340 A.
[0152]

Next, a current value I3 of the third electrode can be
controlled in each layer of a multilayer weld on the basis
of the relationship with the weld bead width of each layer

to suppress hot cracking that occurs in each weld layer,
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which is an object of the present invention. More
specifically, a current value I3; of the third electrode of
the i-th layer is set in a range satisfying the following
formula (2):

I3; £ 30 x Gi-1 - 10 (2)

wherein I3; denotes the current value [A] of the third
electrode of the i-th layer, Gi-1 denotes the width [mm] of a
weld bead formed by welding of a layer immediately before
the i-th layer (that is, the (i - 1)-th layer), and i
denotes a natural number of 2 or more.

[0153]

An increase in the current value I3; of the third
electrode results in a higher risk of hot cracking due to a
vertically oriented weld bead with a higher height. On the
other hand, the weld bead width Gi is affected by a width G;:-
1 of a weld bead formed by welding of the previous layer
(that is, the (i - 1)-th layer) and increases with the
number of layers. From this, as a result of examining the
relationship between the weld bead width and the current
value of the third electrode, a favorable range was found,
and the above formula (2) was derived therefrom. That is,
in the range satisfying the formula (2), a vertically
oriented weld bead is less likely to be formed, thus
producing a good effect of preventing hot cracking.

EXAMPLES
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[0154]

The present invention will be further described below
on the basis of Examples. It should be noted that the
following examples are for illustrative purposes only and
are not intended to limit the scope of the present
invention.

[0155]

First, molten steel with the chemical composition shown
in Table 1 was obtained by steelmaking to produce a steel
raw material (slab) by continuous casting or the like. The
composition shown in Table 1 is the chemical composition of
a steel plate serving as a base material. The column "-" in
Table 1 indicates no intentional addition and includes not
only "not contained" (0%) but also "inevitably contained".

[0156]
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[Table 1]
Steel Chemical composition (% by mass)*1 Ceq
grade C|Si|Mn| P S Nb Al 0 N Cu Ni Cr Mo Ti v B W | Ca Mg | REM '
A 0.09|0.27 | 1.58 | 0.017 | 0.010 | 0.031 | 0.072 | 0.0058 | 0.0039 | - - - - - - - 0.36
B 0.06 | 0.46 | 1.80 | 0.015 | 0.009 | 0.076 | 0.034 | 0.0077 | 0.0035 | - - - 010 0.013| - 0.36
C 0.1010.29 | 1.48| 0.010 | 0.012 | 0.074 | 0.070 | 0.0042 | 0.0052 | - - - 10.03 - - 10.013 - 0.35
D 0.06|0.19 | 1.06 | 0.012 | 0.013 | 0.016 | 0.016 | 0.0023 | 0.0031 | 0.084 | - - | 0435 - - - - - 0.0212 | 0.33
M 0.080.22 | 0.94 | 0.022 | 0.014 | 0.088 | 0.009 | 0.0019 | 0.0022 | - |0.550(0.321| - |0.036| - |0.0080 | - - 0.34
N 0.040.40 | 1.68|0.019 | 0.011 | 0.064 | 0.021 | 0.0031 | 0.0024 | - |0.331|0.679| - - - - 0.48
0 0.280.310.98 | 0.006 | 0.011 | 0.054 | 0.232 | 0.0038 | 0.0067 | - - - - - 0.44
P 0.070.49 | 1.83 | 0.066 | 0.009 | 0.021 | 0.079 | 0.0084 | 0.0047 | - - - - - 0.38
Q 0.070.32{0.92 | 0.017 | 0.045 | 0.036 | 0.089 | 0.0021 | 0.0011 - - - - - 0.23
R 0.1210.29 | 4.31| 0.018 | 0.011 | 0.062 | 0.037 | 0.0025 | 0.0050 | - - - - - 0.84
S 0.09 | 1.56 | 1.64 | 0.020 | 0.004 | 0.297 | 0.056 | 0.0056 | 0.0075 | - - - - - - 0.37
T 0.05|0.86 | 1.02 | 0.033 | 0.024 | 0.001 | 0.001 | 0.0021 | 0.0011 - 0.02 - - 0.06 | 0.01 0.22

*1: The remainder is composed of Fe and incidental impurities.
*2: Ceq = [C] + [Mn]/6 + ([Cr] + [Mo] + [V])/5 + ([Cu] + [Ni])/15; each element symbol denotes the corresponding element content (% by mass) and is 0 in the absence of the element.
*3: The column "-"

indicates no intentional addition and includes not only "not contained" (0%) but also "inevitably contained".
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[0157]

The slab was then sequentially subjected to heating,
hot rolling, and cooling steps to produce a steel plate with
a thickness T (mm) shown in Tables 2-1 and 2-2. The initial
rolling temperature in the hot rolling step ranged from
990°C to 1140°C in a steel plate surface layer, and the
rolling finish temperature ranged from 670°C to 830°C in the
steel plate surface layer. With respect to the steel plate
temperature, the surface layer temperature was measured with
a radiation thermometer, and the temperature at the mid-
thickness position was measured by attaching a thermocouple
to the mid-thickness position. Cooling after the hot
rolling was performed by spraying water at a high flow rate
on the front and back sides of the steel plate.

[0158]

On the other hand, molten steel was melted in a vacuum
melting furnace and was cast to produce a steel ingot, and
the steel ingot was heated to 1200°C and was then subjected
to hot and cold working to produce a gas-shielded arc
welding wire of 1.2 mm®. The wire steel type (grade) used
was G 59J A 1 in addition to YGW1S8.

[0159]

The steel plate was then subjected to edge preparation

to form a groove shape shown in Tables 2-1 and 2-2. 1In

Tables 2-1 and 2-2, the groove shape V (groove) is the shape
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illustrated in Fig. 6(a), and the groove shape X (groove) is
the shape illustrated in Fig. 6(b). Furthermore, the
welding wire thus produced was used for gas-shielded arc
welding to form a weld metal in the above-described groove,
thereby producing a welded joint. The stacking conditions
at this time (more specifically, one pass or two pass per
layer) are also shown.

[0160]
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[Table 2-1]
Front Back Front Back
. Steel Wire steel Groove Thickness| Gap | surface surface s.urface In.termediate s.urface
Joint No. type T G | groove groove | thickness | thickness Tm | thickness
grade (grade) shape (mm) |(mm)| angle 6 | angle By Tt (mm) To
(degree) | (degree) (mm) (mm)

1 A | YGW18 v 50 6 10 - 50 - -

2 A | YGW18 v 100 6 10 - 100 - -
2-2 A | YGW18 v 100 6 10 - 100 - -
2-3 A | YGW18 v 100 6 10 - 100 - -

3 A | YGW18 v 100 6 10 - 100 - -

4 A | YGW18 v 100 6 10 - 100 - -
4-2 A | YGW18 \Y 100 6 10 - 100 - -

5 A | YGW18 \Y 100 6 10 - 100 - -
5-2 A | YGW18 \Y 100 6 10 - 100 - -

6 A | YGW18 \Y 100 6 10 - 100 - -
6-2 A | YGW18 \Y 100 6 10 - 100 - -

7 A | YGW18 \Y 100 6 10 - 100 - -
7-2 A | YGW18 \Y 100 6 10 - 100 - -

8 A | YGW18 v 100 6 10 - 100 - -

9 A | YGW18 v 100 6 10 - 100 - -
9-2 A |G5JA1| V 100 6 10 - 100 - -
9-3 A | YGW18 v 100 6 10 - 100 - -
10 A | YGW18 v 100 6 10 - 100 - -
10-2 A | YGW18 v 100 6 10 - 100 -

10-3 A | YGW18 v 100 6 10 - 100 -

11 A | YGW18 \Y 100 6 10 - 100 - -
12 A |GB5JA1| V 100 6 10 - 100 - -
13 A |G5JA1| V 100 6 10 - 100 - -
13-2 A |G5JA1| V 100 6 10 - 100 - -
14 A |G5JA1| V 100 6 10 - 100 - -
14-2 A |G5JA1| V 100 6 10 - 100 - -
15 A |G5JA1| V 100 6 10 - 100 - -

[0161]
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[Table 2-2]
Front Back Front Back
. Steel Wire steel Groove Thickness| Gap | surface surface s.urface In.termediate s.urface
Joint No. type T G | groove groove | thickness | thickness Tm | thickness

grade (grade) shape (mm) |(mm)| angle 6 | angle By Tt (mm) To

(degree) | (degree) (mm) (mm)
16 A |GB5JA1| V 100 6 10 - 100 - -
16-2 A |G5JA1| V 100 6 10 - 100 - -
17 A |G5JA1| V 150 6 10 - 150 - -
18 B | YGW18 X 50 6 10 14 38 4 8
18-2 B | YGW18 X 50 6 10 14 38 4 8
19 B | YGW18 X 100 6 10 14 83 4 13
19-2 B |G59JA1| X 100 6 10 14 83 4 13
20 B | YGW18 X 150 8 10 14 118 4 28
21 C | YGW18 X 100 6 10 14 83 4 13
22 D | YGW18 X 100 6 10 14 83 4 13
2241 D [G5JA1| X 100 6 10 14 83 4 13
22-2 D [G5JA1| X 100 6 10 14 83 4 13
23 M | YGW18 X 100 6 10 14 83 4 13
24 N | YGW18 X 100 6 10 14 83 4 13
24-2 N |G59JA1| X 100 6 10 14 83 4 13
24-3 N |G59JA1| X 100 6 10 14 83 4 13
25 O | YGW18 X 100 6 10 14 83 4 13
26 P | YGW18 X 100 6 10 14 83 4 13
27 Q | YGW18 X 100 6 10 14 83 4 13
28 R | YGW18 X 100 6 10 14 83 4 13
29 S | YGW18 X 100 6 10 14 83 4 13
30 A | YGW18 v 100 6 10 - 100 - -
31 A | YGW18 v 100 6 0 - 100 - -
32 A | YGW18 v 100 6 10 - 100 - -
33 A | YGW18 v 100 6 40 - 100 - -
34 A | YGW18 v 100 16 20 - 100 - -
35 A | YGW18 v 100 16 10 - 100 - -
36 T | YGW18 X 100 6 10 14 83 4 13
37 A | YGW18 \Y 100 6 13 - 100 - -

[0162]

Specific welding conditions for the gas-shielded arc
welding were no preheating, flat position welding, a welding

current of 180 to 390 A, a welding voltage of 22 to 38 V, a



- 86 -

welding speed of 40 to 120 cm/min, and an interpass
temperature of 200°C or less. The number of layers of the
weld metal was three or more.

[0163]

Tables 3-1 to 3-4 show welding conditions for each
electrode of the gas-shielded arc welding. Welding
electrodes were arranged as illustrated in Figs. 4 and 5.
The distance b between the welding wire tips of the second
electrode and the third electrode was 18 mm, and the
distance c between the welding wire tips of the third
electrode and the fourth electrode was 10 mm.

More specifically, "2 to 4 passes per layer" shown in
the stacking conditions of the joint No. 35 in Table 3-3
means 1 pass for the first layer and the second layer, 2
passes for the subsequent third layer to the eighth layer, 3
passes for the further subsequent ninth layer to the
fourteenth layer, and 4 passes for the fifteenth layer to
the final layer. In the column of "Polarity" in Tables 3-1
and 3-3, wire negative is described as "Positive electrode",
and wire positive is described as "Reverse electrode".

[0164]
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[Table 3-1]
Welding conditions for first electrode Welding conditions for second electrode Welding conditions for third electrode Welding conditions for fourth electrode
Distance Distance
d d
REM between REM between REM REM
Jaint| 12 king conditons o L’:%'Iza(m Vire i | cuator [Welding Wekding e L’:g"lga(}f;f Vi Radus of weiding | Welding " Welding | welding Formula " Weldng Welding
No. Polarity weIQing contact fip enfi of wglding current | voltage Polarity wellding contact fip enfi of welding current | voltage Polarity weIQing current | voltage @ Polarity wellding current | voltage
\omre (degres) portion wire (A) (V) Zwre (degree) portion wire (mm) (A) (V) \omre (A) (V) Zwre (A) (V)
(% by and (mm) (% by and (% by (% by
mass) groove mass) groove mass) mass)
face face
(mm) (mm)
1 | One pass per layer | Positive electrode | 0.045 8.0 0.7 215 320 35 Reverse electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
2 | One pass per layer | Positive electrode | 0.045 8.0 0.7 215 320 35 Reverse electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
2-2 | One pass per layer | Positive electrode | 0.045 8.0 0.7 215 320 35 Reverse electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
2-3 | One pass per layer | Positive electrode | 0.045 8.0 0.7 215 320 35 Reverse electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
3 | One pass per layer | Reverse electrode | 0.045 8.0 0.7 215 290 33 Positive electrode | 0.045 8.0 0.7 215 290 33 Positive electrode | 0.045 | 300 33 o Reverse electrode | 0.045 | 300 33
4 | One pass per layer | Positive electrode | 0.020 8.0 0.7 215 300 33 Reverse electrode | 0.020 8.0 0.7 215 300 33 Positive electrode | 0.045 | 290 33 o Reverse electrode | 0.045 | 290 33
4-2 | One pass per layer | Positive electrode | 0.001 8.0 0.7 215 300 33 Reverse electrode | 0.020 8.0 0.7 215 300 33 Positive electrode | 0.045 | 290 33 o Reverse electrode | 0.045 | 290 33
5 | One pass per layer | Positive electrode | 0.090 8.0 0.7 215 320 34 Reverse electrode | 0.090 8.0 0.7 215 320 34 Positive electrode | 0.045 | 320 34 o Positive electrode | 0.045 | 320 34
5-2 | One pass per layer | Positive electrode | 0.150 8.0 0.7 215 320 34 Reverse electrode | 0.090 8.0 0.7 215 320 34 Positive electrode | 0.045 | 320 34 o Positive electrode | 0.045 | 320 34
6 | One pass per layer | Positive electrode | 0.045 0.0 0.7 215 340 36 Reverse electrode | 0.045 0.0 0.7 215 340 36 Positive electrode | 0.045 | 350 36 o Positive electrode | 0.045 | 350 36
6-2 | One pass per layer | Positive electrode | 0.045 0.0 0.7 215 340 36 Reverse electrode | 0.045 5.0 0.7 215 340 36 Positive electrode | 0.045 | 350 36 o Positive electrode | 0.045 | 350 36
7 | One pass per layer | Positive electrode | 0.045 15.0 0.7 215 320 35 Reverse electrode | 0.045 15.0 0.7 215 320 35 Positive electrode | 0.045 | 320 35 o Positive electrode | 0.045 | 320 35
7-2 | One pass per layer | Positive electrode | 0.045 15.0 0.7 215 320 35 Reverse electrode | 0.045 18.0 0.7 215 320 35 Positive electrode | 0.045 | 320 35 o Positive electrode | 0.045 | 320 35
8 | One pass per layer | Positive electrode | 0.045 8.0 0.5 215 320 35 Reverse electrode | 0.045 8.0 0.5 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
8-2 | One pass per layer | Positive electrode | 0.045 8.0 0.5 215 320 35 Reverse electrode | 0.045 8.0 0.2 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
9 | One pass per layer | Positive electrode | 0.045 8.0 2.0 215 320 35 Reverse electrode | 0.045 8.0 2.0 215 320 35 Positive electrode | 0.045 | 320 35 o Positive electrode | 0.045 | 320 35
9-2 | One pass per layer | Positive electrode | 0.045 8.0 2.0 215 320 35 Reverse electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 320 35 o Positive electrode | 0.045 | 320 35
9-3 | One pass per layer | Positive electrode | 0.045 8.0 2.0 215 320 35 Positive electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 320 35 o Positive electrode | 0.045 | 320 35
9-4 | One pass per layer | Positive electrode | 0.045 8.0 2.0 215 320 35 Reverse electrode | 0.045 8.0 40 215 320 35 Positive electrode | 0.045 | 320 35 o Positive electrode | 0.045 | 320 35
10 | One pass per layer | Positive electrode | 0.045 8.0 0.7 160 320 35 Reverse electrode | 0.045 8.0 0.7 160 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
10-2| One pass per layer | Positive electrode | 0.045 8.0 0.7 160 320 35 Reverse electrode | 0.045 8.0 0.7 100 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
10-3| One pass per layer | Positive electrode | 0.045 8.0 0.7 160 320 35 Reverse electrode | 0.045 8.0 0.7 450 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
11 | One pass per layer | Positive electrode | 0.045 8.0 0.7 280 320 35 Reverse electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
12 | One pass per layer | Positive electrode | 0.045 8.0 0.7 215 330 36 Reverse electrode | 0.045 8.0 0.7 215 330 36 Positive electrode | 0.045 | 330 36 o None
13 | One pass per layer | Positive electrode | 0.045 8.0 0.7 215 320 35 Reverse electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
13-2| One pass per layer | Positive electrode | 0.045 8.0 0.7 215 320 35 Reverse electrode | 0.045 8.0 0.7 215 320 35 Positive electrode | 0.045 | 330 35 o Positive electrode | 0.045 | 330 35
14 | One pass per layer | Positive electrode | 0.045 8.0 0.7 215 290 33 Reverse electrode | 0.045 8.0 0.7 215 290 33 Positive electrode | 0.045 | 290 33 o Positive electrode | 0.045 | 290 33
14-2| One pass per layer | Positive electrode | 0.045 8.0 0.7 215 290 33 Reverse electrode | 0.045 8.0 0.7 215 290 33 Positive electrode | 0.045 | 290 33 o Positive electrode | 0.045 | 290 33
15 | One pass per layer | Reverse electrode | 0.045 8.0 0.7 215 290 33 Positive electrode | 0.045 8.0 0.7 215 290 33 Positive electrode | 0.045 | 310 33 o Positive electrode | 0.045 | 310 33

[0165]
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[Table 3-2]
Other welding conditions

Joint | Distance a between |First and second electrodes|  Welding Heat | Shielding gas Cross-sectional Shielding gas Angle X between gas | Distance Y between gas

No. (first and second tips| tips arrangement angle a speed eat input composition area N of gas flow rate outlet and groove bottom | outlet and weldmg wire
(mm) (degree) emimin) | ™o by volume) outlet (Limin) portion tip

(mm2) (degree) (mm)

1 7 30 90 30.3 100%CO; 175 40 55 5
2 7 30 90 30.3 100%CO; 175 40 55 5
2-2 7 30 90 30.3 100%CO; 175 40 55 5
2-3 7 30 90 30.3 100%CO; 175 40 55 5
3 7 30 90 26.0 100%CO; 175 40 55 5
4 7 30 90 26.0 100%CO; 175 40 55 5
4-2 7 30 90 26.0 100%CO; 175 40 55 5
5 7 30 90 29.0 100%CO; 175 40 b5 5
5-2 7 30 90 29.0 100%CO; 175 40 b5 5
6 7 30 90 33.1 100%CO; 180 50 60 10
6-2 7 30 90 33.1 100%CO; 180 50 60 10
7 7 30 90 29.9 100%CO; 180 50 60 10
7-2 7 30 90 29.9 100%CO; 180 50 60 10
8 7 30 90 30.3 100%CO; 175 50 60 12
8-2 7 30 90 30.3 100%CO; 175 50 60 12
9 7 30 90 29.9 100%CO; 175 50 60 12
9-2 7 30 90 29.9 100%CO; 175 50 60 12
9-3 7 30 90 29.9 100%CO; 175 50 60 12
9-4 7 30 90 29.9 100%CO; 175 50 60 12
10 7 30 90 30.3 100%CO; 180 50 b5 10
10-2 7 30 90 30.3 100%CO; 180 50 55 10
10-3 7 30 90 30.3 100%CO; 180 50 55 10
11 7 30 90 30.3 100%CO; 180 50 55 10
12 7 30 90 23.8 100%CO; 180 50 55 10
13 5 30 90 30.3 100%CO; 180 50 55 10
13-2 2 30 90 30.3 100%CO; 180 50 55 10
14 14 30 90 255 100%CO; 180 50 55 10
14-2 20 30 90 25.5 100%CO; 180 50 b5 10
15 7 0 90 26.4 100%CO; 180 50 55 10
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[Table 3-3]
Welding conditions for first electrode Welding conditions for second electrode Welding conditions for third electrode Welding conditions for fourth electrode
REM Distance d REM Distance d REM REM
9 Staking condons . cor:: " ;’:]Cg':ga;f:f wgiffg e S:r(\jlgjtig Welding|Welding . Cornge " ;’:]Cg':ga;f:f wgmge e Radus o \eiding Welding A Cornge " \Weldinglwelding Formula . Corg: " \Welding Welding
0. Polarity welding N tipend |of welding| current | voltage Polarity welding - | tipend . | current | voltage Polarity welding | current | voltage Polarity welding | current | voltage
wire | contacttiol o gonand| wie | () | (V) wire | CONACD | oo ang | OF Welding | = ) wie | &) | v | @ wie | ) | W)
(% by (degree) groove face| (mm) (% by (degree) groove face wire (mm) (% by (% by
mass) (mm) mass) (mm) mass) mass)
16 One pass per layer Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 8.0 0.7 215 320 32 |Positive electrode| 0.045 | 320 35 o [Positive electrode| 0.045 | 320 35
16-2 One pass per layer Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 8.0 0.7 215 320 32 |Positive electrode| 0.045 | 320 35 o [Positive electrode| 0.045 | 320 35
17 One pass per layer Reverse electrode| 0.045 8.0 0.7 215 290 30 |Positive electrode| 0.045 8.0 0.7 215 290 30 |Positive electrode| 0.045 | 320 32 o [Positive electrode| 0.045 | 330 31
18 One pass per layer Positive electrode| 0.045 8.0 0.7 215 300 35 |Reverse electrode| 0.045 8.0 0.7 215 300 35 |Positive electrode| 0.045 | 330 35 o [Positive electrode| 0.045 | 330 35
18-2 One pass per layer Positive electrode| 0.045 8.0 0.7 215 300 35 |Reverse electrode| 0.045 8.0 0.7 215 300 35 |Positive electrode| 0.045 | 330 35 o [Positive electrode| 0.045 | 330 35
19 One pass per layer Positive electrode| 0.045 8.0 0.7 215 330 33 |Reverse electrode| 0.045 8.0 0.7 215 330 33  |Positive electrode| 0.045 | 350 35 o [Positive electrode| 0.045 | 350 35
19-2 One pass per layer Positive electrode| 0.045 8.0 0.7 215 330 33  |Reverse electrode| 0.045 8.0 0.7 215 330 33  |Positive electrode| 0.045 | 350 35 o [Positive electrode| 0.045 | 350 35
20 One pass per layer Positive electrode| 0.045 8.0 0.7 215 350 33  |Reverse electrode| 0.045 8.0 0.7 215 350 33  |Positive electrode| 0.045 | 350 36 o [Positive electrode| 0.045 | 350 36
21 One pass per layer Positive electrode| 0.045 8.0 0.7 215 310 33 |Reverse electrode| 0.045 8.0 0.7 215 310 33  |Positive electrode| 0.045 | 320 33 o [Positive electrode| 0.045 | 330 35
22 One pass per layer Positive electrode| 0.045 8.0 0.7 215 300 33  |Reverse electrode| 0.045 8.0 0.7 215 300 33 |Positive electrode| 0.045 | 320 33 o None
22-2 One pass per layer Positive electrode| 0.091 8.0 0.7 215 300 33  |Reverse electrode| 0.091 8.0 0.7 215 300 33  |Positive electrode| 0.045 | 320 33 o None
22-3 One pass per layer Positive electrode| 0.091 8.0 0.7 215 300 33 |Reverse electrode| 0.091 8.0 0.7 215 300 33 |Positive electrode| 0.045 | 320 33 o None
23 One pass per layer Positive electrode| 0.045 8.0 0.7 215 300 32  |Reverse electrode| 0.045 8.0 0.7 215 300 32 |Positive electrode| 0.045 | 310 3 o None
24 One pass per layer Positive electrode| 0.045 8.0 0.7 215 320 35 |Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 | 330 35 o None
24-2 One pass per layer Positive electrode| 0.045 8.0 0.7 215 320 35 |Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 | 330 35 o None
24-3 One pass per layer Positive electrode| 0.045 8.0 0.7 215 320 35 |Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 | 330 35 o None
25 One pass per layer Positive electrode| 0.045 8.0 0.7 215 320 35 |Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 | 330 35 o None
26 One pass per layer Positive electrode| 0.045 8.0 0.7 215 330 35 |Reverse electrode| 0.045 8.0 0.7 215 330 35 |Positive electrode| 0.045 | 340 35 o None
27 One pass per layer Positive electrode| 0.045 8.0 0.7 215 320 35 |Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 | 320 35 o None
28 One pass per layer Positive electrode| 0.045 8.0 0.7 215 310 34 |Reverse electrode| 0.045 8.0 0.7 215 310 34  |Positive electrode| 0.045 | 320 34 o None
29 One pass per layer Positive electrode| 0.045 8.0 0.7 215 320 35 |Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 | 320 35 o None
30 Two passes per layer  |Positive electrode| 0.045 8.0 0.7 215 300 34 |Reverse electrode| 0.045 8.0 0.7 215 300 34 |Positive electrode| 0.045 | 330 35 o None
31 One pass per layer Positive electrode| 0.045 8.0 0.7 215 340 34 |Reverse electrode| 0.045 8.0 0.7 215 340 34  |Positive electrode| 0.045 | 340 34 o None
32 One pass per layer Positive electrode| 0.045 8.0 0.7 215 320 34 |Reverse electrode| 0.045 8.0 0.7 215 320 34  |Positive electrode| 0.045 | 330 35 o None
33 Two passes per layer  |Positive electrode| 0.045 8.0 0.7 215 300 34 |Reverse electrode| 0.045 8.0 0.7 215 300 34 |Positive electrode| 0.045 | 330 35 x None
34 One pass per layer Positive electrode| 0.045 8.0 0.7 215 300 34 |Reverse electrode| 0.045 8.0 0.7 215 300 34 |Positive electrode| 0.045 | 330 35 x None
35 [Two to four passes per layer|Positive electrode| 0.045 8.0 0.7 215 300 34 None None X None
36 One pass per layer Positive electrode| 0.045 8.0 0.7 215 320 35 |Reverse electrode| 0.045 8.0 0.7 215 320 35 |Positive electrode| 0.045 | 320 35 o None
37 One pass per layer Positive electrode| 0.045 8.0 0.7 215 360 35 |Reverse electrode| 0.045 8.0 0.7 215 360 35 |Positive electrode| 0.045 | 360 35 o  [Positive electrode| 0.045 | 360 | 35

[0
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[Table 3-4]
Other welding conditions
Joint | Distance a between | First and second electrodes Weldi . Shielding gas  |Cross-sectional area| Shielding gas | Angle X between gas outlet | Distance Y between gas
No. | firstand second tips | tips arrangement angle a elding sfpeed Heat input composition N of gas outlet flow rate and groove bottom portion | outlet and welding wire tip
(mm) (degree) (cmimin) (kdfom) (% by volume) (mm2) (L/min) (degree) (mm)
16 7 45 90 29.2 100%CO; 180 50 55 10
16-2 7 70 90 29.2 100%COz 180 50 55 10
17 7 30 90 252 80%C02-20%Ar 180 50 55 10
18 7 30 80 33.1 60%CO02-40%Ar 180 50 55 10
18-2 7 30 80 33.1 100%Ar 180 50 55 10
19 7 30 80 34.7 100%C02 180 50 55 10
19 7 30 80 34.7 100%C02 180 50 55 10
20 7 30 80 36.2 100%CO02 180 50 55 10
21 7 30 80 31.9 100%CO02 180 50 55 10
22 7 30 80 228 100%CO; 180 50 55 10
22-2 7 30 80 228 100%CO; 180 50 55 10
22-3 7 30 80 228 100%CO; 180 50 55 10
23 7 30 60 288 100%CO; 180 50 55 10
24 7 30 60 34.0 100%CO; 180 50 55 10
24-2 7 30 60 34.0 100%CO: 180 50 55 10
24-3 7 30 60 34.0 100%COz 180 50 55 10
25 7 30 60 34.0 100%COz 180 50 55 10
26 7 30 60 35.0 100%CO02 180 50 55 10
27 7 30 60 33.6 100%CO02 180 50 55 10
28 7 30 60 32.0 100%CO02 180 50 55 10
29 7 30 60 33.6 100%CO02 180 50 55 10
30 7 30 60 32.0 100%CO; 175 50 55 5
31 7 30 40 52.0 100%COz 175 50 55 5
32 7 30 40 50.0 100%COz 175 50 55 5
33 7 30 60 32.0 100%C02 175 50 55 5
34 7 30 60 32.0 100%C02 175 50 55 5
35 7 30 60 10.2 100%CO02 175 50 55 5
36 7 30 60 33.6 100%C02 180 50 55 10
37 7 30 60 50.4 100%C02 175 40 55 5
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[0168]

[Evaluation of Weld Metal Shape]

At the positions of 1/4D, 2/4D, and 3/4D in the weld
line direction in the welded joint, a macro cross section
was taken in the vertical direction and was examined. D
denotes the length from one end to the other end of the weld
line. The position of 1/4D represents a position moved by
1/4 of D in the welding direction from one end of the weld
line, likewise, the position of 2/4D represents the center
position of the weld line, and the position of 3/4D
represents a position moved by 3/4 of D in the welding
direction.

[0169]

Subsequently, the cross-sectional area A (mm?) of the
entire weld metal in the direction perpendicular to the weld
line of the weld metal was measured and divided by the
number of weld layers p (layers) to record the ratio [A/p]
of the cross-sectional area A of the weld metal to the
number of weld layers p.

[0170]

Furthermore, the distance between an upper portion and
a lower portion of each layer of the weld metal was measured
as the height H (mm) of each layer of the weld metal, and
the width of the weld metal at the centerline of each height

H (that is, the distance between fusion lines) was measured
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as the width W (mm) of the weld metal. The ratio [H/W] was
determined for each layer, and the maximum value of the
ratio [H/W] in the entire weld metal was recorded.
Furthermore, as described above, since the narrow groove
means that the groove angle is 20 degrees or less and the
maximum groove width between the base materials is 50% or
less of the thickness T, the ratio [Wmax/T] of the maximum
groove width Wmax to the thickness T was determined.

[0171]

[Measurement of Dislocation Density of Steel Plate]

A sample was taken such that a test surface was located
at the middle position in the longitudinal direction and the
width direction of each steel plate and at a position 1 mm
below a steel plate surface. A surface of the sample was
mirror-polished by mechanical polishing and
electropolishing, and the dislocation density p (m™2) was
measured with an X-ray diffractometer by a Williamson-Hall
method (reference 1).

(Reference 1) G. K. Williams and W. H. Hall: Acta
Metall., 1 (1953), 22
[0172]

[Average Grain Size]

In the same manner as described above, a sample was
taken such that an evaluation surface was located at a

position 1 mm below a steel plate surface at the middle
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position in the longitudinal direction and the width
direction of the steel plate and was a cross section in the
longitudinal direction of the steel plate at the mid-
thickness position. A surface of the sample was mirror-
polished with colloidal silica finishing and was examined by
a backscattered electron diffraction method (EBSP) under the
following conditions. The measurement region was 300 um x
400 pm, and the measurement step size was 1 um. The
equivalent circular diameter of a microstructure surrounded
by a high-angle grain boundary with a misorientation of 15
degrees or more from an adjacent crystal grain was
determined from a crystal orientation map thus obtained.

The average value of the equivalent circular diameters in
the measurement region was defined as the average grain
size. The steel plate surface layer and the mid-thickness
position of each example of the present invention have a
microstructure composed mainly of bainite or quasi-polygonal
ferrite.

[0173]

[Evaluation of Welding Defect]

The welded joint thus produced was subjected to a
radiographic test according to JIS Z 3104 to evaluate the
presence or absence of a welding defect. A welding defect
corresponding to Class 1 of JIS Z 3104 was rated as "Good

(circle)", a welding defect corresponding to Class 2 was
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rated as "Fair (triangle)", and a welding defect
corresponding to Class 3 or Class 4 was rated as "Poor
(cross)". Class 1 or 2 is judged to be acceptable, and
Class 3 or 4 is judged to be fail.

[0174]

[Evaluation of Mechanical Properties of Weld Metal]

A test piece for tensile test (parallel portion
diameter: 6 mm) and a Charpy impact test specimen (V-notch)
of the weld metal were taken from the welded joint in
accordance with the provision of JIS Z 3111 to perform a
tensile test and an impact test. Three test pieces were
subjected to the tensile test at room temperature (normal
temperature), and the average value of the measured values
(0.2% proof strength, tensile strength) was taken as the
tensile property of the weld metal of the welded joint.
Likewise, three test specimens were subjected to the Charpy
impact test to determine the absorbed energy (vE-s0) at the
test temperature of -40°C, and the average value thereof was
taken as the cryogenic impact toughness of the weld metal of
the welded joint. A wvalue of 30 J or more was rated as
"Good (circle)", and a value of less than 30 J was rated as
"Poor (cross)".

[0175]
The tensile test of the welded joint at room

temperature was also performed in accordance with the
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provision of JIS Z 3121. A test specimen was taken in the
direction perpendicular to a weld axis so that the weld axis
was at the mid-length of a parallel portion of the test
specimen, and was a No. 1A test specimen with the same
thickness as the total thickness of the welded joint. Three
test specimens were taken, and a case where all the
individual yield stress values were 325 MPa or more was
rated as "Good (circle)", a case where the average was 325
MPa or more but at least one individual value was less than
325 MPa was rated as "Fair (triangle)", and a case where it
was below that was rated as "Poor (cross)". Furthermore, a
case where all the individual tensile strength values were
520 MPa or more was rated as "Good (circle)", a case where
the average was 520 MPa or more but at least one individual
value was less than 520 MPa was rated as "Fair (triangle)",
and a case where it was below that was rated as "Poor
(cross)".

[0176]

Furthermore, a Charpy impact test of a weld heat-
affected zone of the welded joint was also performed in
accordance with the provision of JIS Z 3128. The V-notch
direction of a test specimen was perpendicular to a steel
plate surface, and the test specimen was taken from the mid-
thickness position at the center position of the weld metal,

at the position on the fusion line, and at the position of
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the fusion line 1 mm. Three test specimens were taken at
each position, and a case where all the individual values
were 30 J or more was rated as "Good (circle)", a case where
the average was 30 J or more but at least one individual
value was less than 30 J was rated as "Fair (triangle)", and
a case where it was below that was rated as "Poor (cross)".
[0177]

As described above, as target values of the present
invention, the room-temperature yield strength (0.2% proof
strength) of a weld metal is 325 MPa or more, the tensile
strength thereof is 520 MPa or more, and the room-
temperature tensile strength of a welded joint is 520 MPa or
more. Furthermore, the absorbed energy (vE-z0) of a weld
metal and a weld heat-affected zone in a Charpy impact test
at the test temperature of -40°C is 30 J or more.

[0178]

[Deposition Rate]

The diameter (mm) of a wire used during welding and the
feed speed (mm/min) of each wire during welding were
measured, and the value calculated by dividing the
deposition amount (g) by the unit welding time (min) was
recorded as the deposition rate (g/min). A value of 250
g/min or more was rated as "Good (circle)", and a value of
less than 250 g/min was rated as "Poor (cross)".

[0179]
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Among the above measurement and evaluation results, the
results of the chemical composition of the weld metal are
shown in Tables 4-1 and 4-2, and the results of the
characteristics of the weld metal and the steel plate, the

performance of the welded joint, and the like are shown in
Tables 5-1 and 5-2.

[0180]
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[Table 4-1]

. , Chemical composition of weld metal (% by mass) ~ *1
Joint No. | Steel grade | Wire steel type | Groove shape cls vl p s T 1 A 0 N Tcol N o[ Mol Ti v B W Ca Mg | REM
1 A YGW18 v 0.07(0.46|1.54|0.012|0.007|0.013{0.028 | 0.034 | 0.003|0.001 |0.0010.003|0.087 {0.0010.001|0.001|{0.001|0.0012|0.0012 | 0.0281
2 A YGW18 v 0.06(0.49|1.54]0.012|0.006|0.010{0.022|0.0310.003|0.001 |0.0010.004 | 0.100 {0.001 |0.001|0.001 {0.001|0.0014 | 0.0014 | 0.0320
2-2 A G59JA1 \ 0.06(0.05/1.53|0.012|0.006|0.011{0.018|0.038|0.004 | 0.001 | 0.001|0.005|0.079{0.001|0.001|0.001 {0.001|0.0013|0.0014 | 0.0310
2-3 A G59JA1 v 0.06(0.46/0.49]0.012|0.006|0.011{0.019|0.0400.004 | 0.001 |0.0010.005|0.079{0.001|0.001|0.001 {0.001]0.0012 | 0.0014 | 0.0308
3 A YGW18 v 0.06(0.48|1.54]0.012{0.0070.012{0.025|0.032|0.003|0.001 | 0.0010.003 | 0.094 | 0.001|0.001|0.001 {0.001]0.0013|0.0013 | 0.0303
4 A YGW18 V 0.06(0.471.54]0.012|0.007|0.012{0.026 | 0.033|0.003|0.001 | 0.001|0.003 | 0.092 | 0.001 |0.001|0.001 {0.001]0.0013|0.0013 | 0.0132
4-2 A YGW18 v 0.07(0.51|1.56|0.011|0.008|0.013{0.023|0.0310.003|0.001|0.0010.002|0.078 {0.001|0.001|0.001 {0.001|0.0012|0.0012 | 0.0010
5 A YGW18 v 0.07(0.44|1.55|0.013]0.007|0.015{0.033|0.037|0.003|0.001 |0.0010.003|0.077 {0.001|0.001|0.001 {0.001]0.0011{0.0011 | 0.0495
5-2 A YGW18 v 0.07(0.48|1.51]0.012|0.006|0.013|0.033|0.036 |0.003|0.001|0.0010.003|0.068 | 0.001|0.001|0.001{0.001]0.0010{0.0013|0.1010
6 A YGW18 \ 0.06(0.48|1.54|0.012|0.006|0.011{0.024 |0.0320.003|0.001 |0.0010.003 |0.097 {0.001|0.001|0.001 {0.001|0.0014 | 0.0014 | 0.0311
6-2 A YGW18 \ 0.06(0.491.55|0.012{0.007|0.011{0.023|0.0430.003|0.001 |0.001|0.003 | 0.084 | 0.001 |0.001|0.001 {0.001]0.0013|0.0011 | 0.0298
7 A YGW18 v 0.06(0.50|1.54|0.012{0.006|0.010{0.021|0.030|0.003{0.001 |0.001|0.004 | 0.103 {0.001|0.001|0.001 {0.001|0.0015|0.0015 | 0.0330
7-2 A YGW18 v 0.06(0.51/1.53|0.010{0.007|0.010{0.019{0.0310.003|0.001|0.0010.003|0.099 {0.001|0.001|0.001 {0.001|0.0011{0.0015 | 0.0323
8 A YGW18 v 0.07(0.45|1.54]0.013]0.007|0.014{0.030|0.035|0.003|0.001 |0.0010.003|0.083 {0.001|0.001|0.001 {0.001|0.0012|0.0012 | 0.0267
8-2 A YGW18 v 0.06(0.51/1.43]0.012|0.006|0.013|0.028 | 0.034 |0.002{0.001|0.0010.003|0.076 {0.001|0.001|0.001 {0.001|0.0011{0.0020 | 0.0298
9 A YGW18 v 0.06(0.491.54]/0.012|0.006|0.010{0.022|0.0310.003|0.001|0.0010.004 | 0.100 {0.001 |0.001|0.001 {0.001|0.0014 | 0.0014 | 0.0320
9-2 A G59JA1 v 0.08(0.511.23]0.011|0.0080.010{0.023|0.032|0.003|0.001 |0.0010.004 | 0.112{0.001|0.001|0.016 {0.001|0.0013 | 0.0014 | 0.0332
9-3 A YGW18 \ 0.06(0.45|1.54|0.011{0.006|0.012{0.022 |0.0310.003{0.001 | 0.001|0.003 | 0.095{0.001 |0.001|0.001 {0.001|0.0014 | 0.0014 | 0.0482
9-4 A YGW18 v 0.05(0.44|1.48|0.011/0.008|0.011{0.021|0.0300.003|0.002 | 0.0010.003|0.099 {0.0010.001|0.001 |{0.001|0.0013|0.0012 | 0.0321
10 A YGW18 v 0.06(0.52|1.53|0.011]0.006|0.007|0.015|0.027|0.002{0.002 | 0.002 | 0.004 | 0.114 {0.002 |0.001 | 0.002 [ 0.002| 0.0016 | 0.0016 | 0.0367
10-2 A YGW18 v 0.06(0.51/1.53|0.010{0.006|0.007{0.011|0.044|0.005|0.002 | 0.002|0.004 | 0.111{0.002 |0.001|0.002 [ 0.002|0.0016 | 0.0016 | 0.0344
10-3 A YGW18 v 0.06(0.501.55|0.010{0.006|0.007{0.013|0.046 |0.004 | 0.002 | 0.002|0.004 | 0.113{0.002 |0.001|0.002 {0.002|0.0016 | 0.0016 | 0.0372
11 A YGW18 v 0.06(0.471.54]/0.012|0.007|0.012{0.026 | 0.033|0.003|0.001 |0.0010.003|0.091{0.001|0.001|0.001 {0.001]0.0013|0.0013 | 0.0294
12 A G59JA1 v 0.06(0.50/1.53|0.012{0.006|0.009{0.019{0.0290.002{0.002 | 0.002 | 0.004 | 0.106 | 0.002 |0.001 | 0.002 [ 0.002| 0.0015 | 0.0015 | 0.0342
13 A G59JA1 \ 0.07(0.46|1.54|0.013]0.0070.013|0.029 | 0.035|0.003|0.001 | 0.001|0.003 | 0.086 | 0.001 |0.001|0.001 {0.001]0.0012|0.0012 | 0.0277
13-2 A G59JA1 v 0.07(0.45/1.53|0.013]0.0080.012{0.026 | 0.035|0.003|0.001 | 0.001|0.003|0.088 | 0.001|0.001|0.001 {0.001|0.0010 | 0.0014 | 0.0290
14 A G59JA1 v 0.06(0.48|1.54|0.012|0.006|0.011{0.023|0.0310.003|0.001|0.0010.003|0.097 {0.001|0.001|0.001 {0.001|0.0014 | 0.0014 | 0.0313
14-2 A G59JA1 \ 0.06(0.46/1.49|0.012{0.0070.011{0.025|0.035|0.003|0.001 | 0.0010.003 | 0.090 {0.001|0.001|{0.001 {0.001|0.0013 | 0.0012 | 0.0331
15 A G59JA1 v 0.06(0.47|1.54]/0.012|0.007|0.012{0.026 | 0.033|0.003|0.001 | 0.0010.003|0.093 {0.001|0.001|0.001 {0.001|0.0013|0.0013 | 0.0298

*1: The remainder is composed of Fe and incidental impurities.

[0181]
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[Table 4-2]

. , Chemical composition of weld metal (% by mass) ~ *1

Joint No. | Steel grade | Wire steel type | Groove shape clsiTunl P s Tne | A 0 NTcolni ol ol T v B W Ca Mg | REM
16 A G59JA1 v 0.07(0.43]1.55/0.0130.007 |0.016|0.036 | 0.039 |0.003 | 0.001{0.001|0.003|0.071{0.001|0.001|0.001 | 0.001 {0.0010|0.0010|0.0229
16-2 A G59JA1 v 0.08(0.51]1.51/0.0120.007 |0.016|0.003|0.033|0.003 |0.001{0.001 | 0.004 |0.084 {0.001|0.001|0.001 | 0.001 {0.0011|0.0010|0.0208
17 A G59JA1 v 0.07(0.43|1.55|0.013/0.007 |0.016 |0.036 | 0.038 |0.003 | 0.002 {0.001|0.003 {0.072{0.001 {0.001{0.001 | 0.001 {0.0010|0.0010|0.0231
18 B YGW18 X 0.05(0.55]1.59/0.0110.006 |0.0200.010{0.034 |0.002 | 0.002 |0.001 | 0.004 |0.105|0.001|0.001|0.001 | 0.021 {0.0035|0.0015|0.0337
18-2 B YGW18 X 0.05(0.61]1.72/0.0110.006 |0.0200.014 |0.008 |0.002 | 0.002 |0.001 | 0.004 |0.100{0.001|0.001|0.001 | 0.021 {0.0035|0.0015|0.0453
19 B YGW18 X 0.05(0.56|1.56|0.0110.006 |0.012|0.006 | 0.028 |0.002 | 0.003 |0.002 | 0.004 | 0.121{0.002 |0.002 | 0.002 | 0.022 |0.0037|0.0017 | 0.0390
19-2 B G59JA1 X 0.05(0.55]1.55|0.0110.006 |0.013|0.009{0.029|0.002|0.003 |0.002 |0.005|0.112{0.002 |0.002 | 0.001 | 0.284 |0.00980.0125|0.0382
20 B YGW18 X 0.05(0.56|1.57|0.0110.006 |0.015|0.008 |0.030 |0.002 | 0.002 |0.002 | 0.004 |0.115|0.002 |0.002 | 0.002 | 0.022 |0.0036|0.0016 |0.0370
21 C YGW18 X 0.07(0.43]1.50{0.010/0.009 |0.0380.037{0.0310.004 | 0.001 {0.001|0.002|0.069|0.001|0.008 | 0.001 | 0.001 {0.0010|0.0041|0.0222
22 D YGW18 X 0.05(0.45]1.36|0.0110.008 | 0.007 |0.007 | 0.0210.002|0.031{0.001|0.003 | 0.240|0.001|0.001|0.001 | 0.001 {0.0013|0.0063 | 0.0297
22-2 D G59JA1 X 0.05(0.46|1.22{0.009 (0.009 |0.007 | 0.007 | 0.033 |0.002 | 0.421{0.001 | 0.0010.190{0.065 |0.001|0.001 | 0.001 {0.0010|0.0060 | 0.0828
22-3 D G59JA1 X 0.05(0.51]1.31/0.009 {0.009 | 0.007 |0.007 | 0.033 0.002|0.989 {0.001{0.001{0.190{0.064 {0.001|0.001 | 0.001 {0.0010 |0.0060|0.0771
23 M YGW18 X 0.06(0.50|1.39/0.0130.007 |0.021|0.004 |0.018|0.002|0.002 |0.125|0.076 |0.109{0.010 |0.002 | 0.008 | 0.002 |{0.00160.0016 | 0.0349
24 N YGW18 X 0.04(0.53|1.57|0.0130.007 |0.021|0.008|0.023|0.002 | 0.002 |0.103 | 0.207 |0.067 | 0.001 |0.001|0.001 | 0.001 {0.0014|0.0014 | 0.0244
24-2 N G59JA1 X 0.04(0.55]1.21/0.0120.008 |0.0200.009|0.0210.002|0.003 |0.849 |0.835|0.070{0.001|0.001|0.001 | 0.001 {0.0014|0.0013|0.0232
24-3 N G59JA1 X 0.05(0.53]1.33/0.0110.009 |0.021|0.009{0.020|0.002|0.003 {1.276{0.213|0.073|0.001|0.001|0.001 | 0.001 {0.0014|0.0013|0.0213
25 0 YGW18 X 0.17(0.4411.2410.008 |0.008 |0.0290.119{0.029 |0.004 | 0.001 {0.001|0.002 {0.069{0.001 {0.001{0.001 | 0.001 {0.0010|0.0010|0.0221
26 P YGW18 X 0.06(0.55]1.65|0.033(0.007 |0.010|0.033|0.046 |0.003 | 0.001 {0.001|0.003|0.083|0.001|0.001{0.001 | 0.001 {0.0012|0.0012|0.0267
27 Q YGW18 X 0.06{0.48|1.28|0.013|0.021|0.015|0.0370.020|0.0020.001 |0.001 |0.003 | 0.084 [0.001 {0.001 {0.001 | 0.001 {0.0012]0.0012|0.0280
28 R YGW18 X 0.08(0.44|2.8410.014/0.0080.030|0.018{0.033|0.003|0.001{0.001|0.003|0.074|0.001|0.001|0.001 | 0.001 {0.0011|0.0011|0.0237
29 S YGW18 X 0.07(0.94]1.56|0.014|0.005|0.110|0.022{0.019|0.004 | 0.001 {0.001 | 0.003|0.089|0.001|0.001|0.001 | 0.001 {0.0013|0.0013|0.0285
30 A YGW18 v 0.06(0.47]1.5410.0120.007|0.012|0.026 | 0.020 |0.003 | 0.001{0.001|0.003|0.091{0.001|0.008 | 0.001 |0.0013|0.00130.0013 | 0.0294
31 A YGW18 V 0.06(0.50|1.54|0.012{0.006 |0.010/0.020{0.030 |0.003|0.001 {0.001|0.004 {0.103|0.001 {0.008|0.001 {0.0015|0.0015 | 0.0015 | 0.0331
32 A YGW18 V 0.06(0.48]1.5410.0120.007 |0.011]0.024 {0.0310.003 |0.001{0.001|0.003 | 0.096 | 0.001 |0.008 | 0.001 | 0.0014 | 0.0014 | 0.0014 | 0.0310
33 A YGW18 \ 0.06(0.53]|1.53/0.0110.006 | 0.007 |0.014 |{0.026 |0.002 | 0.002 |0.002 | 0.004 | 0.116 | 0.002 | 0.008 | 0.002 | 0.0017 | 0.0017 | 0.0017 | 0.0374
34 A YGW18 v 0.07(0.42]1.55|0.0130.007|0.0170.037|{0.039|0.003 | 0.001{0.001|0.003|0.071{0.001|0.008 | 0.001 |0.0010 | 0.00100.0010 | 0.0227
35 A YGW18 v 0.06(0.40|1.53/0.013/0.0080.015|0.033|0.039|0.003 |0.001{0.001|0.002|0.065|0.001|0.008 | 0.001 {0.0009 | 0.0009 | 0.0010 | 0.0246
36 T YGW18 v 0.06(0.68|1.23|0.014|0.013]0.016|0.033|0.035|0.003 | 0.001|0.016 | 0.002 | 0.065|0.001 |0.008 | 0.001 | 0.0230 | 0.0089 | 0.0010 | 0.0338
37 A YGW18 v 0.06(0.50|1.52{0.0110.0080.010|0.020{0.0310.003|0.001{0.001|0.004 |0.100{0.001|0.012|0.001|0.0014 | 0.0014 | 0.0014 | 0.0298

*1: The remainder is composed of Fe and incidental impurities.

[0182
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[Table 5-1]
Groove conditions Weld metal characteristics Steel sheet characteristics Performance of joint
Ratio [A/p] Ratio Average
of cross- |Maximum| Wmax/T |Dislocation| grain Average Charpy | Char Char

_ _ Front sectional | value of of |density p at|size at 1 grain size Room- Room- Room- absorbed absorgg q absorgg d
Joint Steel Wire SteeIGrooveThickness Gap | surface Stackin area Aof |ratio [H/W] maximum| 1 mm mm o mig- |Jltrasonicltemperature|temperature temperature| el oo ot oo ot iDenosition
No. [grade| type shape T G | groove con ditior?s weld metal | of height | groove |below steel| below thickness test |yield stress| tensile tensile we% fus?g/n fusiog)lline F;ate

(mm)  |(mm)|angle 6 to number of|H to width|  width sheet steel " results | ofweld | strength of | strength of
(degree) weld layers |W of each| Wmax to | surface | sheet position metal weld metal |welded joint metal at- ||ne°at S mom at
layer |thickness | (10#m2) | surface (km) 40°C | 40°C | -40°C
(mm?/layer) T (um)

11 A |YGW18| V 50 6 10 |One pass per layerl  41.9 0.54 0.29 0.5 6.7 9.9 o o o o o o o o

2 A |YGW18| V 100 6 10 |One pass per laye]  57.4 0.68 0.23 0.5 6.7 9.9 o o o o o o o o
22 A |YGW18| V 100 6 10 |One pass perlayerl  57.4 0.68 0.23 0.5 6.7 9.9 0o 0o o o o o o o
2-3] A |YGW18| V 100 6 10 |One pass per layerl  57.4 0.68 0.23 0.5 6.7 9.9 o o o o o o o o

3] A|YGWI8| V 100 6 10 |One pass per layerl ~ 50.0 0.62 0.23 0.5 6.7 9.9 o o o o o o o o

4 1 A |[YGW18| V 100 6 10 |One pass per layerl ~ 50.0 0.62 0.23 0.5 6.7 9.9 o o o o o o o o
421 A | YGW18| V 100 6 10 |One pass perlayerl  45.0 0.62 0.23 0.5 6.7 9.9 x o o o X X X o

5] A |YGWI8| V 100 6 10 |One pass per layerl ~ 55.3 0.66 0.23 0.5 6.7 9.9 o o o o o o o o
52| A |YGW18| V 100 6 10 |One pass per layer]  55.3 0.66 0.23 0.5 6.7 9.9 o o o o o o o o

6] A |YGW18| V 100 6 10 |One pass per layerl  64.5 0.74 0.23 0.5 6.7 9.9 0o 0o o o o o o o
6-2] A |YGW18| V 100 6 10 |One pass per layerl  64.5 0.74 0.23 0.5 6.7 9.9 X o o o o x o X

7] A |YGWI8| V 100 6 10 |One pass per layerl  57.4 0.68 0.23 0.5 6.7 9.9 o o o o o o o o
72| A |YGW18| V 100 6 10 |One pass per layerl  57.4 0.68 0.23 0.5 6.7 9.9 X o o o x x x o

8 | A |YGWI8| V 100 6 10 |One pass per layerl  57.4 0.68 0.23 0.5 6.7 9.9 o o o o o o o o
82| A |YGW18| V 100 6 10 |One pass per layer]  57.4 0.68 0.23 0.5 6.7 9.9 X o o o o x o X

9| A |YGWI8| V 100 6 10 |One pass per layef  57.4 0.68 0.23 0.5 6.7 9.9 o o o o o o o o
9-2] A |[G59JA1 V 100 6 10 |One pass perlayerl  57.4 0.68 0.23 0.5 6.7 9.9 0o 0o o o o o o o
9-3] A |YGW18| V 100 6 10 |One pass per layel  57.4 0.68 0.23 0.5 6.7 9.9 X o o o x x o o
9-4] A |YGW18| V 100 6 10 |One pass per layerl  57.4 0.68 0.23 0.5 6.7 9.9 x o o o o X o X

0] A |[YGWI8| V 100 6 10 |One pass perlayerl 574 0.68 0.23 05 6.7 9.9 0 0 o o o o o o
10-2] A |YGW18| V 100 6 10 |One pass per layerl  57.4 0.68 0.23 0.5 6.7 9.9 X o o o o o o X
10-3] A |YGW18| V 100 6 10 |One pass per layer]  57.4 0.68 0.23 0.5 6.7 9.9 X o o o o o o X

11 A |YGWI8| V 100 6 10 |One pass per layel  57.4 0.68 0.23 0.5 6.7 9.9 o o o o o o o o

12| A |G5JA1 V 100 6 10 |One pass per layerl  46.9 0.59 0.23 0.5 6.7 9.9 0o 0o o o o o o o

13| A |G59JA1 V 100 6 10 |One pass perlayerl  57.4 0.68 0.23 05 6.7 9.9 o o o o o o o o
13-2| A |G59JA1 V 100 6 10 |One pass perlayerl  47.9 0.92 0.23 0.5 6.7 9.9 X o o X X X o o

14| A |G5JA1 V 100 6 10 |One pass perlayerl  50.0 0.62 0.23 0.5 6.7 9.9 0o 0o o o o o o o
142 A |G59JA1 V 100 6 10 |One pass per layerl ~ 42.1 0.90 0.23 0.5 6.7 9.9 X o o x x x o o

15| A |G59JA1 V 100 6 10 |One pass per laye;  51.6 0.63 0.23 0.5 6.7 9.9 o o o o o o o o

[0183]
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[Table 5-2]
Groove conditions Weld metal characteristics Steel sheet characteristics Performance of joint
Ratio [A/p] Maximum Ratio Average
of cross- value of Wmax/T |Dislocation| grain Average Chan ch Charpy
Front sectional : of  |density patjsizeat1| . 9 Room- Room- Room- Py aPY |absorbed
Joint Steel |Wire steel G Thickness| Gap | surface arcaAof | 10 lmaximum| 1 mm mm [ran size Ultrasonicltemperature|temperature|temperature absorbedabsorbed energy at iy
No. grade| type roove g G | groove | Stacking conditions | weld metal [H(W] of groove |below steel| below ?‘ mid- test |yield stress| tensile tensile [T of energy at fusion Deposition
shape height H X thickness weld | fusion | . rate
P (mm) |(mm)|angle 6¢ to number " 9 width sheet steel " results | ofweld | strength of | strength of . line +1
0 width W| position .. |Imetal at -| line at -
(degree) of weld of each Wmax to| surface | sheet (um) metal | weld metal {welded joint 40°C | 4gec | MM at-
layers p layer thickness | (10™m2) | surface 40°C
(mm?/layer) T (um)

16| A |[G59JA1 V 100 6 10 | One pass per layer 55.3 0.66 0.23 0.5 6.7 9.9 o o o o o o o o
16-2| A |[G59JA1 V 100 6 10 | One pass per layer 55.3 0.66 0.23 0.5 6.7 9.9 X o o o X X o o

171 A |[G59JA1 V 150 6 10 | One pass per layer 73.0 0.74 0.21 0.5 6.7 9.9 o o o o o o o o

18| B |[YGW18| X 50 6 10 | One pass per layer 38.0 0.50 0.29 2.5 10.5 13.4 o o o o o o o o
18-2| B | YGW18| X 50 6 10 | One pass per layer 38.0 0.50 0.29 2.5 10.5 13.4 o o o o o o o o

19| B |[YGW18| X 100 6 10 | One pass per layer 55.9 0.67 0.23 2.5 10.5 13.4 o o o o o o o o
19-2| B |[G59JA1 X 100 6 10 | One pass per layer 56.0 0.67 0.23 2.5 10.5 13.4 o o o o o o o o
200 B |YGW18| X 150 8 10 | One pass per layer 82.5 0.58 0.23 2.5 10.5 13.4 o o o o o o o o
21| C |[YGW18| X 100 6 10 | One pass per layer 514 0.63 0.23 2.9 5.9 41 o 0 o o 0 o o o
22| D |[YGW18| X 100 6 10 | One pass per layer 37.8 0.50 0.23 2.3 5.8 11.0 o o o o o o o o
22-2] D [GH9JA1 X 100 6 10 | One pass per layer 36.6 0.52 0.23 2.3 5.8 11.0 o o o o o o o o
22-3] D [G59JA1 X 100 6 10 | One pass per layer 36.6 0.52 0.23 2.3 5.8 11.0 o o o o o o o o
23| M | YGW18| X 100 6 10 | One pass per layer 45.9 0.58 0.23 1.2 34 5.2 o o o o o o o o
24| N |[YGW18| X 100 6 10 | One pass per layer 55.9 0.67 0.23 1.9 8.5 6.9 o o o o o o o o
24-2] N [GH9JA1 X 100 6 10 | One pass per layer 55.8 0.66 0.23 1.9 8.5 6.9 o o o o o o o o
24-3] N [GH9JA1 X 100 6 10 | One pass per layer 55.8 0.66 0.23 1.9 8.5 6.9 o o o o o o o o
251 O |[YGW18| X 100 6 10 | One pass per layer 55.9 0.67 0.23 1.4 9.8 8.3 X 0o o o x X X o
26| P |[YGW18| X 100 6 10 | One pass per layer 55.9 0.67 0.23 1.8 8.3 0.8 X o o o X X X o
271 Q [YGW18| X 100 6 10 | One pass per layer 53.5 0.65 0.23 0.9 7.3 11.6 x o o o x X X o
28| R [YGW18| X 100 6 10 | One pass per layer 514 0.63 0.23 22 5.7 12.3 X 0 o X o o o X
29| S |[YGW18| X 100 6 10 | One pass per layer 53.5 0.65 0.23 1.7 10.3 6.4 x 0 o o x o o X
30| A [YGW18| V 100 6 10 [Two passes per layer;  61.9 0.72 0.23 0.5 6.7 9.9 o o o o o o o X
31| A |[YGW18| V 100 6 0 One pass per layer 90.0 1.59 0.06 0.5 6.7 9.9 X X X X X X X X
32 A |[YGW18| V 100 6 10 | One pass per layer | 1721 1.33 0.23 0.5 6.7 9.9 X 0 o o x X X o
33| A |[YGW18| V 100 6 40 [Two passes per layer]  178.1 0.54 0.79 0.5 6.7 9.9 o o o o o o o X
341 A |[YGW18| V 100 |16 | 20 | Onepassperlayer | 141.3 0.26 0.51 0.5 6.7 9.9 o o o o o o o X
35 A [vows| v | 100 [16] 20 [T t;efrolgrygfsses 20 | 032 | 051 | 05 | 67 | 99 | o o o o ° o o x
36| A |[YGW18| V 100 | 16| 20 | One pass per layer 53.5 0.65 0.23 0.9 7.3 11.6 A A A o o A o o
37 A |[YGW18| V 100 6 15 | One pass per layer 116.2 0.96 0.46 0.5 6.7 9.9 o o o o o o o o
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[0184]

All the examples of the present invention are sound
welded joints without welding defects, such as hot cracking
and incomplete fusion. Furthermore, in all the examples of
the present invention, the weld metals have a room-
temperature yield strength (0.2% proof strength) of 325 MPa
or more and a tensile strength of 520 MPa or more, and the
welded joints have a room-temperature tensile strength of
520 MPa or more. The weld metals and the weld heat-affected
zones have absorbed energy (vE-z9) of 30 J or more in the
Charpy impact test at the test temperature of -40°C, and the
welded joints have the weld metals with high strength and
low-temperature impact toughness.

[0185]

On the other hand, examples out of suitable ranges as a
steel plate and a welded weld metal to which the present
invention is applied have hot cracking and lower hot
cracking resistance or incomplete fusion. Furthermore, they
had a slight decrease in any of the mechanical properties,
such as the room-temperature yield strength (0.2% proof
strength) and tensile strength of the weld metal, the room-
temperature tensile strength of the welded joint, and the
absorbed energy (vE-i10) of the Charpy impact test at the test
temperature of -40°C of the weld metal and the weld heat-

affected zone.
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[0186]

The joints No. 5-2, No. 22-2, and No. 22-3 were
sometimes economically disadvantageous due to the REM
content of the welding wire or the weld metal but had good
results in terms of the characteristics and performance
shown in Tables 5-1 and 5-2. Furthermore, the joint No. 18-
2 was also economically disadvantageous due to the shielding
gas composition but had good results in terms of the
characteristics and performance shown in Tables 5-1 and 5-2.
Reference Signs List
[0187]

1 steel plate

2 weld metal

3 fusion line

4 groove face

5 first electrode

6 second electrode

7 third electrode

8 fourth electrode

5a, 6a, 7a, 8a contact tips for first, second, third,
and fourth electrodes

5b, 6b, 7b, 8b welding wires of first, second, third,
and fourth electrodes

5¢, 6c, 7c, 8c welding wire tips of first, second,

third, and fourth electrodes
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9 weld line

10 backing material

11 shielding gas supply nozzle

1la gas outlet

12 molten pool

T plate thickness

A cross-sectional area of entire weld metal

Li weld layer (i = 1 to p layers), (Li: first layer, Lp:
outermost surface layer)

W; width of weld layer (i = 1 to p layers)

a distance between welding wire tip 5c of first
electrode and welding wire tip 6c of second electrode

b distance between welding wire tip 6c of second
electrode and welding wire tip 7c of third electrode

c distance between welding wire tip 7c of third
electrode and welding wire tip 8c of fourth electrode

d distance between welding wire tip end portion 5c or
6c and groove face 4

o angle of straight line connecting welding wire tips
of first electrode and second electrode relative to
direction perpendicular to weld line

6 groove angle, 6rf front surface groove angle, 6y back
surface groove angle

® inclination angle of contact tip front end

G gap
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T front surface thickness, Tn intermediate thickness,

Ty, back surface thickness
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CLAIMS
[Claim 1]

A method for producing a welded joint by gas-shielded
arc welding of a steel plate, wherein

the steel plate has a thickness T (mm) of 50 mm or
more,

a weld metal is composed of multiple layers with one
pass per layer,

a ratio [A/p] of a cross-sectional area A (mm?) of the
weld metal in a direction perpendicular to a weld line to a
number of weld layers p (layers) is 120.0 mm?/layer or less,

a ratio [H/W] of a height H (mm) to a width W (mm) of
each layer in the weld metal is 1.00 or less,

the gas-shielded arc welding is multiple electrode
welding with three or more electrodes,

each welding wire tip of a first electrode and a second
electrode is disposed on two distinct weld lines that are
parallel to each other,

one of the first electrode and the second electrode 1is
set to wire negative (positive polarity), and the other is
set to wire positive (reverse polarity),

a distance a (mm) between the welding wire tips of the
first electrode and the second electrode ranges from 5 to 16
mm,

a straight line connecting each welding wire tip of the
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first electrode and the second electrode has an angle o of
60 degrees or less relative to the direction perpendicular
to the weld line, and

a welding wire containing 0.015% to 0.100% by mass of
REM is used for the electrode set to wire negative (positive
polarity) .

[Claim 2]

The method for producing a welded joint by gas-shielded
arc welding of a steel plate according to Claim 1, wherein

each contact tip front end of the first electrode and
the second electrode has an inclination angle ® in the range
of 0 degrees to 15 degrees toward a groove face relative to
the direction perpendicular to the weld line,

a distance d (mm) between a side end portion of each
welding wire tip of the first electrode and the second
electrode and the groove face ranges from 0.5 to 3.0 mm,

each welding wire is a welding wire curved in advance
at a radius of curvature in the range of 150 to 300 mm,

third and subsequent electrodes are disposed at a
center of a groove behind the first electrode and the second
electrode, and

a gas containing 60% by volume or more of COz gas is
used as a shielding gas.

[Claim 3]

The method for producing a welded joint by gas-shielded



- 108 -

arc welding of a steel plate according to Claim 1 or 2,
wherein

the steel plate has a chemical composition containing,
on a mass percent basis,

C: 0.04% to 0.14%,

\C

Si: 0.03% to 0.70%,

O

Mn: 0.30% to 2.50%,

P: 0.030% or less,

S: 0.020% or less,

Nb: 0.001% to 0.100%,

Al: 0.001% to 0.100%,

O: 0.0100% or less, and

N: 0.0100% or less,

the remainder being Fe and incidental impurities, and

Ceq defined by the following formula (1) and a
thickness (T) satisfy

0.0004T + 0.25 < Ceg < 0.0004T + 0.45,

a dislocation density p at a position 1 mm below a
surface of the steel plate is 4.0 x 10!%* m™2 or less,

an average grain size at the position 1 mm below the
surface of the steel plate is 15.0 um or less, and

an average grain size at a mid-thickness position is
20.0 yum or less,

Ceq = [C] + [Mn]/6 + ([Cr] + [Mo] + [V])/5 + ([Cu] +

[Ni]) /15 (1)
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wherein each element symbol in the formula (1) denotes
the corresponding element content (% by mass) and is 0 in
the absence of the element.
[Claim 4]

The method for producing a welded joint by gas-shielded
arc welding of a steel plate according to Claim 3, wherein

the steel plate has a chemical composition further

containing, on a mass percent basis,

one or two or more selected from the group consisting

of
Cu: 2.000% or less,
Ni: 2.500% or less,
Cr: 1.500% or less,
Mo: 1.000% or less,
Ti: 0.100% or less,
V: 0.300% or less,
B: 0.0100% or less,
W: 0.500% or less,
Ca: 0.0200% or less,
Mg: 0.0200% or less, and
REM: 0.0500% or less.

[Claim 5]

The method for producing a welded joint by gas-shielded
arc welding of a steel plate according to Claim 1 or 2,

wherein
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the weld metal has a chemical composition containing,
on a mass percent basis,

C: 0.04% to 0.14%,

Si: 0.03% to 0.70%,

Mn: 0.30% to 2.50%,

P: 0.030% or less,

S: 0.020% or less,

Nb: 0.001% to 0.100%,

Al: 0.001% to 0.100%,
Cu: 0.001% to 2.000%,

Ni: 0.001% to 2.500%,

Cr: 0.001% to 1.500%,
Mo: 0.001% to 1.000%,

Ti: 0.001% to 0.100%,

V: 0.001% to 0.300%,

B: 0.001% to 0.020%,

O: 0.050% or less, and

N: 0.010% or less,

the remainder being Fe and incidental impurities.
[Claim 6]

The method for producing a welded joint by gas-shielded
arc welding of a steel plate according to Claim 3, wherein

the weld metal has a chemical composition containing,
on a mass percent basis,

C: 0.04% to 0.14%,
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Si: 0.03% to 0.70%,
Mn: 0.30% to 2.50%,
P: 0.030% or less,

S: 0.020% or less,

\C

Nb: 0.001% to 0.100%,

Al: 0.001

oe

to 0.100%,

Cu: 0.001% to 2.000%,

Ni: 0.001% to 2.500%,
Cr: 0.001% to 1.500%,
Mo: 0.001% to 1.000%,

\O

Ti: 0.001% to 0.100%,

V: 0.001% to 0.300%,

B: 0.001% to 0.020%,

O: 0.050% or less, and

N: 0.010% or less,

the remainder being Fe and incidental impurities.
[Claim 7]

The method for producing a welded joint by gas-shielded
arc welding of a steel plate according to Claim 4, wherein

the weld metal has a chemical composition containing,
on a mass percent basis,

C: 0.04% to 0.14%,

O

Si: 0.03% to 0.70%,

O

Mn: 0.30% to 2.50%,

P: 0.030% or less,



S

Nb:

Al:

Cu:

Ni:

Cr:

Mo :

Ti:

O:

N:
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0.020% or less,

0

0

0.

0.

0.

001%

001%

.001%

.001%

.001%

.001%

001%

to

to

to

to

to

to

to

0.100%,
0.100%,
2.000%,
2.500%,
1.500%,
1.000%,

0.100%,

.001% to 0.300%,

.001% to 0.020%,

.050% or less, and

.010% or less,

the remainder being Fe and incidental impurities.

[Claim 8]

The method for producing a welded joint by gas-shielded

arc welding of a steel plate according to Claim 5, wherein

the weld metal has a chemical composition further

containing,

on a mass percent basis,

one or two or more selected from the group consisting

of

W:

Ca:

Mg:

0.500%

REM:

[Claim 9]

or

less,

0.0200% or less,

0.0200% or less, and

0.050

0%

or less.
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The method for producing a welded joint by gas-shielded
arc welding of a steel plate according to Claim 6, wherein

the weld metal has a chemical composition further
containing, on a mass percent basis,

one or two or more selected from the group consisting

of
W: 0.500% or less,
Ca: 0.0200% or less,
Mg: 0.0200% or less, and
REM: 0.0500% or less.
[Claim 10]

The method for producing a welded joint by gas-shielded
arc welding of a steel plate according to Claim 7, wherein

the weld metal has a chemical composition further
containing, on a mass percent basis,

one or two or more selected from the group consisting
of

W: 0.500% or less,

Ca: 0.0200% or less,

Mg: 0.0200% or less, and

REM: 0.0500% or less.



