DESCRIPTION

NARROW-GROOVE GAS-SHIELDED ARC WELDING METHOD

Technical Field
[0001]

The present invention relates to a gas-shielded arc
welding method and, in particular, to a narrow-groove gas-—
shielded arc welding method that is applied to steel plates
having a thickness of 22 mm or greater and can ensure a
tensile strength of a weld metal of 550 MPa or greater. As
referred to herein, a "narrow groove" is a groove that has a
groove angle of 25° or less and in which a width of a
minimum groove gap between steel plates that are materials
to be welded (base steels) is 50% or less of a thickness of
the steel plates.

Background Art
[0002]

Gas-shielded arc welding, which is used for the
operation of welding steel plates, is typically performed by
a consumable electrode technique that uses CO2 gas alone or
a mixed gas of Ar and COz to shield the melted area. Gas-
shielded arc welding is widely used in the fields of
manufacturing, such as automobiles, buildings, bridges, and
electrical equipment.

[0003]



Steel structures have increased in size and thickness
in recent years, and thus, regarding the welding used in the
process of their manufacture, particularly, the butt welding
of steel plates, an amount of weld deposition has increased,
and the welding operation has become very time-consuming,
which have resulted in an increase in the cost of the
operation.

[0004]

One possible approach for overcoming this is to use
narrow-groove gas-shielded arc welding that performs, by arc
welding, multi-layer welding on a groove having a small gap
with respect to a thickness. Compared with typical gas-
shielded arc welding, narrow-groove gas-shielded arc welding
is expected to reduce the amount of weld deposition, enable
high efficiency and energy saving for welding, and,
consequently, reduce the cost of the operation.

[0005]

Recently, a technology for performing narrow-groove
gas-shielded arc welding with multiple electrodes has been
proposed. With multi-electrode welding, the amount of
deposition per pass of the metal that is deposited to fill
the groove can be increased, and, therefore, a high welding
efficiency can be achieved compared with single-electrode
welding. Accordingly, multi-electrode welding is an

effective means for increasing the efficiency of welding.



[0006]

Patent Literature 1, for example, discloses a narrow-
groove gas-shielded arc welding method for joining steel
plates with narrow-groove multi-layer welding. In the case
of Patent Literature 1, welding for forming the first layer
is performed by multi-electrode welding using two or more
electrodes. Patent Literature 1 states that a first
electrode and a second electrode are positioned along
predetermined parallel weld lines and that a distance
between ends of the welding wires of the first electrode and
the second electrode is controlled to be within a range of 5
mm to 16 mm. Patent Literature 1 also states that an angle
of a straight line with respect to a direction perpendicular
to the weld lines is controlled to be within a range of 45°
or less, where the straight line is a line connecting the
ends of the welding wires of the first electrode and the
second electrode to each other. Patent Literature 1 states
that these techniques provide effects of preventing welding
defects and improving welding operation efficiency even in a
case where groove cutting, for instance, by gas cutting or
plasma cutting, has been performed.

Citation List
Patent Literature
[0007]

PTL 1: Japanese Patent No. 6137053



Summary of Invention
Technical Problem
[0008]

Unfortunately, the technology disclosed in Patent
Literature 1 cannot ensure a sufficient tensile strength in
cases where the base steel is a high strength steel and, in
particular, where a high strength, specifically a tensile
strength of 550 MPa or greater, is required in the weld.
[0009]

The present invention takes into account the technology
of the related art and has an object of providing a narrow-
groove gas-shielded arc welding method that can provide a
high welding operation efficiency and can ensure a
sufficiently high strength of a weld metal.

Solution to Problem
[0010]

To achieve the object, the present inventors conducted
studies regarding welding methods for improving the strength
of the weld metal. As a result, the present inventors found
the following important points: welding wires have
respective equivalent carbon contents, and an average value
of the equivalent carbon contents should be 0.400 mass$% or
greater, where the average value is determined by dividing
the equivalent carbon contents by the number of wires; the

electrodes have respective amounts of heat input, and a



ratio of the maximum to the minimum of the amounts of heat
input should be 1.40 or less; and the sum of the amounts of
heat input should be 10 kJ/cm to 60 kJ/cm.

[0011]

The present invention was made based on these findings
and with further studies, and primary features of the
present invention are as follows.

[1] A narrow-groove gas-shielded arc welding method
including joining steel plates together by narrow-groove
multi-layer welding, the steel plates having a thickness t
of 22 mm or greater, the narrow-groove multi-layer welding
using a groove angle 6 of 25° or less and a groove root gap
G of 7 mm to 18 mm, wherein the multi-layer welding is
multi-electrode welding using three or more electrodes;
welding wires have respective equivalent carbon contents
(Ceqg), and an average value of the equivalent carbon
contents is 0.400 mass$ or greater, where the equivalent
carbon contents are each defined by equation (1) below, and
where the average value is determined by dividing a sum of
the equivalent carbon contents by the number of electrodes;
the electrodes have respective amounts of heat input, and a
ratio of a maximum to a minimum of the amounts of heat input
is 1.40 or less; and a sum of the amounts of heat input of
the electrodes is 10 kJ/cm to 60 kJ/cm:

Ceq = [C] + [Si]/24 + [Mn]/6 + [Ni]/40 + [Cr]l/5 +



[Mo]l/4 + [V]/14 (1)

where [element] indicates a content (mass$%) of the
element in each of the welding wires, and when the element
is not included, 0 is substituted.

[2] The narrow-groove gas-shielded arc welding method
according to [1], wherein one of a first electrode and a
second electrode is electrode-negative (has straight
polarity), and the other is electrode-positive (has reverse
polarity); a distance a between ends of welding wires
supplied through contact tips disposed at ends of respective
welding torches of the first electrode and the second
electrode is 5 mm to 16 mm; an angle o of a straight line
with respect to a groove width direction is 60° or less,
where the straight line is a line connecting the ends of the
welding wires of the first electrode and the second
electrode to each other; a diameter of the welding wires
that are used in the electrodes is within a range of 1.0 mm
to 1.6 mm; and a distance between adjacent electrodes for
the second electrode and one or more additional electrodes
is 10 mm to 100 mm.

[3] The narrow-groove gas-shielded arc welding method
according to [2], wherein a third electrode and optionally
additional electrodes are positioned behind the first
electrode and the second electrode and in a middle of the

groove.



[4] The narrow-groove gas-shielded arc welding method
according to any one of [1] to [3], wherein a mixed gas
containing COz gas in an amount of 20 vol.%$ or greater is
used as a shielding gas.

[5] The narrow-groove gas-shielded arc welding method
according to any one of [1] to [4], wherein at least one
welding wire used in a straight-polarity electrode contains
one or more rare earth metals (REM) in an amount of 0.005
masss to 0.060 mass%.

Advantageous Effects of Invention
[0012]

Regarding the operation of gas-shielded arc welding of
narrow-groove multi-layer welding, which has high welding
efficiency, even when the weld metal of a joint is required
to have a tensile strength of greater than 550 MPa, the
present invention can sufficiently address the need. 1In
addition, a narrow-groove gas-shielded arc-welded joint
produced by the operation has a significantly lower cost of
manufacturing than existing welded joints and, therefore,
has an effect in that it is very useful to employ the joint
in general structures such as buildings, bridges, and ships,
among others.

Brief Description of Drawings
[0013]

[Fig. 1] Fig. 1 is a diagram schematically illustrating



a shape of a groove used in the present invention.

[Fig. 2] Fig. 2 is a diagram illustrating an example of
an operation procedure of the present invention for
performing a welding operation with four electrodes; Fig.
2(a) is a front view, and Fig. 2(b) is a top view.
Description of Embodiments
[0014]

The present invention will be described in detail
below.

[0015]

The present invention is a narrow-groove gas-shielded
arc welding method including joining steel plates together
by narrow-groove multi-layer welding, the steel plates
having a thickness t of 22 mm or greater, the narrow-groove
multi-layer welding using a groove angle 6 of 25° or less
and a groove root gap G of 7 mm to 18 mm. As referred to
herein, "steel plates" include thick-walled steel materials,
thick-plate steel materials, and the like.

[0016]
[Thickness t of Steel Plate: 22 mm or greater]

The thickness t (see Fig. 1) of a steel plate 1 is 22
mm or greater. When the thickness t is less than 22 mm, a
conventional single bevel groove may have a smaller groove
cross-sectional area than the groove of concern of the

present invention in some cases in which the single bevel



groove is formed to have a small groove gap, which can be
achieved by increasing the groove angle; consequently,
welding with the single bevel groove provides higher
efficiency and a lower amount of weld deposition than with
the groove of concern. Preferably, the thickness t is 30 mm
Oor greater.

[0017]

Furthermore, since the steel plate thickness of steel
structures, including special structures, is at most 200 mm
in many cases, it is preferable that in the present
invention, the upper limit of the thickness t of the steel
plate be 200 mm.

[0018]

Furthermore, the present invention can be applied to
various types of steel plates, ranging from mild steel
plates to 780 MPa-class high-tensile-strength steel plates.
Even 590 MPa-class high-tensile-strength steel plates can be
welded without being preheated.

[0019]
[Groove Angle 6: 25° or less]

The groove used in the present invention has a shape of
a narrow groove, such as a V-shaped groove or an I-shaped
groove (possibly 6 = 0°), that has a gap in the root. Fig.
1 illustrates an example of a V-shaped groove having a gap

in the root. In the figure, the steel plate (base steel) is
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indicated by 1, and a groove surface is indicated by 2.
Regarding a groove cross-sectional area of a groove portion
of the steel plate 1, the smaller the cross-sectional area,
the more efficiently the welding can be performed, but the
greater the likelihood of the occurrence of defects, such as
lack of fusion. When the groove angle 6 of the groove
portion is greater than 25°, welding can be carried out by a
conventional operation method. Accordingly, the present
invention is directed to cases where the groove angle 6 is
25° or less, which are cases where operation with a
conventional operation method is difficult and which are
expected to provide higher efficiency. Regarding the V-
shaped groove, when the groove angle 6 is 0°, the groove is
called an I-shaped groove. This case of 0° provides the
maximum efficiency in terms of the amount of weld
deposition. However, welding heat distortion may cause the
groove to close during welding, and, therefore, it is
preferable to take this into account and set a groove angle
© in accordance with the thickness t. When the thickness t
is greater than 100 mm, it is preferable that the upper
limit of the preferred range be 10°. More preferably, the
groove angle 6 is 5° to 10°.

[0020]

[Groove Root Gap G: 7 mm to 18 mm]

Regarding the groove portion of the steel plate, the
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smaller it is, the faster and more efficiently the welding
can be performed, but the greater the likelihood of the
occurrence of defects, such as lack of fusion. When the
groove root gap G (Fig. 1), which is a gap (groove width)
between root portions of the groove portions before the
start of the welding, is greater than 18 mm, welding can be
carried out by a conventional operation method.
Accordingly, the present invention is directed to cases
where the groove root gap G is 18 mm or less, which are
cases that are expected to provide higher efficiency than a
conventional operation method. On the other hand, when the
groove root gap G is less than 7 mm, it may be difficult to
perform a welding operation with three or more electrodes.
Accordingly, the groove root gap G is specified to be within
the range of 7 mm to 18 mm. Preferably, the range is 8 mm
to 12 mm. Preferably, a backing member 7 is used for
welding operations (see Fig. 2(a)).

[0021]

[Multi-Electrode Multi-Layer Welding with Three or More
Electrodes]

In the present invention, the joining is accomplished
by performing multi-layer welding with the narrow groove
described above, by using three or more electrodes for all
of a first layer and second and optionally additional

layers. Each of the layers may be formed by welding with
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multiple passes per layer. However, it is preferable, from
the standpoint of welding operation efficiency, that each of
the layers be formed by welding with a single pass per
layer.

[0022]

The number of electrodes is specified to be three or
more because when the number is two or fewer, it is
difficult to improve welding operation efficiency.
Preferably, the number of electrodes is three or more and
five or fewer. This is because when the number of
electrodes is greater than five, non-uniformity of
components is likely to occur in the weld metal, and,
therefore, such a number is not preferable.

[0023]

Fig. 2 illustrates an example of an operation procedure
of the present invention for performing a welding operation
with four electrodes. 1In Fig. 2, first, second, third, and
fourth electrodes are indicated by 3, 4, 5, and 6; contact
tips of the respective electrodes 3, 4, 5, and 6 are
indicated by 3a, 4a, 5a, and 6a; welding wires supplied to
the respective electrodes 3, 4, 5, and 6 are indicated by
3b, 4b, 5b, and 6b; and, the backing member is indicated by
7. Furthermore, weld lines (lines along which ends of the
welding wires are moved) are indicated by 8; a weld bead in

the first layer is indicated by 9; a molten pool (second
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layer) is indicated by 10; and a weld bead (second layer)
being welded is indicated by 11. In the example of Fig. 2,
the portions of the welding wires 3b and 4b protruding from
the contact tips 3a and 4a are curved; however, in the
present invention, this is a non-limiting example, and the
protruding portions may be straight.

[0024]

[Average Value of Equivalent Carbon Contents (Ceq) of
Welding Wires Determined by Dividing Sum of the Equivalent
Carbon Contents by Number of Electrodes: 0.400 mass$ or
greater]

An equivalent carbon content (Ceq), defined by equation
(1) below, is an index that significantly affects a tensile
strength of the weld metal.

Ceq = [C] + [Si]/24 + [Mn]/6 + [Ni]/40 + [Cr]l/5 +
[Mo]/4 + [V]/14 (1)

In the equation, [element] indicates a content (mass%)
of the element in the welding wire, and when the element is
not included, 0 is substituted.

[0025]

An average value of the equivalent carbon contents
(Ceq) of welding wires determined by dividing the sum of the
equivalent carbon contents by the number of electrodes is
hereinafter also referred to as an "average Ceq". The

average Ceq is defined by equation (2) below.
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Average Ceq = ([Ceg'l] + [Ceg’?] + [Ceqg?3] + .. +
[Cegn]) /n (2)

In the equation [Ceg*i] (i: 1 to n) is the Ceqg of the
welding wire of the ith electrode, and n is the total number
of electrodes.

[0026]

The present inventors conducted an experiment and made
the following observations: ensuring a tensile strength of
the weld metal of 550 MPa or greater requires that the Ceq
of the weld metal be 0.320 mass% or greater, and achieving
this requires that the average Ceqg of the welding wires that
are used be 0.400 mass$% or greater. Accordingly, the
average Ceq is specified to be 0.400 mass% or greater.
Preferably, the average Ceq is 0.420 mass$ or greater. When
the average Ceq is excessively high, the toughness of the
weld metal may be adversely affected, and, therefore, it is
preferable that the upper limit of the average Ceqg be 0.520
mass%.

[0027]
[Ratio of Maximum to Minimum of Amounts of Heat Input of
Electrodes: 1.40 or less]

The amount of metal deposited from the welding wires is
affected by an amount of heat input of the electrodes. Even
when the average Ceqg is 0.400 mass% or greater, when the

amounts of heat input of the electrodes are not uniform, it
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may be impossible to impart a sufficient Ceg to the weld
metal. Specifically, when a ratio of the maximum to the
minimum of the amounts of heat input of the electrodes
(hereinafter also referred to as a "maximum/minimum ratio of
amounts of heat input") is greater than 1.40, the Ceqg of the
weld metal may not become 0.320 mass$ or greater.
Accordingly, the maximum/minimum ratio of amounts of heat
input is specified to be 1.40 or less.

[0028]

Equation (3) below is a definition equation and defines
the amount of heat input.

Amount of heat input (kJ/cm) = {welding current (A) x
welding voltage (V)/1000} x 60/{welding speed (cm/min) }

(3)
[0029]

The amounts of heat input of the electrodes calculated
according to the definition equation are compared with one
another to select the maximum and minimum amounts of heat
input, and a ratio of the selected maximum to selected
minimum of the amounts of heat input is used as the
maximum/minimum ratio of amounts of heat input. When the
amounts of heat input of the electrodes are equal to one
another, the maximum/minimum ratio of amounts of heat input
is 1.00.

[0030]
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By setting a welding current, a welding voltage, and a
welding speed with which the maximum/minimum ratio of
amounts of heat input can become 1.40 or less, the Ceq of
the weld metal can be consistently made to be 0.320 mass$% or
greater over its entire length, and, consequently, a tensile
strength of 550 MPa or greater can be ensured. Preferably,
the maximum/minimum ratio of amounts of heat input is 1.20
or less.

[0031]
[Sum of Amounts of Heat Input of Electrodes: 10 kJ/cm to 60
kJ/cm]

When the sum of the amounts of heat input of the
electrodes is less than 10 kJ/cm, the strength of the weld
metal becomes excessively high, which raises concerns about
a decrease in toughness and low-temperature cracking. On
the other hand, when the sum of the amounts of heat input of
the electrodes is greater than 60 kJ/cm, the strength of the
weld metal decreases, which may make it impossible to ensure
a tensile strength of the weld metal of 550 MPa or greater.
Accordingly, the sum of the amounts of heat input of the
electrodes is specified to be 10 kJ/cm to 60 kJ/cm.
Preferably, the sum of the amounts of heat input of the
electrodes is 15 kJ/cm to 45 kJ/cm.

[0032]

In the present invention, the welding conditions
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regarding the average Ceq of the welding wires, the
maximum/minimum ratio of amounts of heat input, and the sum
of the amounts of heat input of the electrodes, described
above, are essential, and additionally, preferred welding
conditions are the following conditions.

[0033]

[Polarity of Electrodes]

When a first electrode and a second electrode have the
same polarity (e.g., both the first electrode and the second
electrode are electrode-positive), an attractive
electromagnetic force causes both of their arcs to be
deflected inward, which results in a concentration of heat
in a middle of the groove. As a result, sufficient melting
may not be achieved on the groove surface. In contrast, in
cases where one of the first electrode and the second
electrode is electrode-negative (has straight polarity), and
the other is electrode-positive (has reverse polarity) and
where the positions of the first electrode and the second
electrode are appropriately controlled, both of their
magnetic fields due to the welding current generate a strong
outward electromagnetic force, which results in repulsion
between the arcs. As a result, a sufficient melt depth can
be achieved on the groove surface. Thus, in the present
invention, it is preferable that one of the first electrode

and the second electrode be electrode-negative (have
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straight polarity) and that the other be electrode-positive
(have reverse polarity). The polarity of the third
electrode 5 and optionally additional electrodes is not
particularly limited and may be electrode-negative (have
straight polarity) or electrode-positive (have reverse
polarity) .

[0034]

[Positions of First Electrode and Second Electrode]

In the case where narrow-groove multi-layer welding is
performed with a single pass per layer, when only one
electrode is used, the welding heat tends to be concentrated
in a middle of the grove, which results in insufficient
melting on the groove surface of the steel plates;
consequently, defects due to incomplete fusion (cold lap),
spatter deposited on the groove surface, slag entrainment,
or the like are likely to occur. In particular, regarding
the welding for forming the first layer, defects due to lack
of fusion are likely to occur because the temperature of the
steel plates is low, and the melt depth is small.
Accordingly, in the present invention, it is preferable
that, as illustrated in Fig. 2(b), the first electrode 3 and
the second electrode 4 be located at positions along the
weld lines 8, which are predetermined parallel weld lines.
[0035]

[Distance a Between Ends of Welding Wires of First Electrode
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and Second Electrode: 5 mm to 16 mm]

Preferably, a distance a is adjusted to be within a
range of 5 mm to 16 mm, where the distance a is a distance
between ends of the welding wires 3b and 4b, which are
supplied through the contact tips 3a and 4a, which are
disposed at ends of respective welding torches of the first
electrode 3 and the second electrode 4 (hereinafter, this
distance is also simply referred to as a "first electrode-
to-second electrode distance", see Fig. 2(b)). As referred
to herein, the "distance between ends of the welding wires"
is a distance between respective centers of the ends of the
welding wires of the electrodes.

[0036]

When the first electrode-to-second electrode distance a
is less than 5 mm, a current (electrons) flows between the
electrodes, which decreases heat present in the arcs, and as
a result, sufficient melting may not be achieved on the
groove surface 2. On the other hand, when the first
electrode-to-second electrode distance a is greater than 16
mm, an outward electromagnetic force between the electrodes
decreases in inverse proportion to the distance, thus, an
arc repulsive force for overcoming an inward electromagnetic
force generated by a current flowing along the groove
surface 2 cannot be obtained, and, consequently, both of

their arcs are deflected inward, which results in a
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concentration of heat in a middle of the groove. As a
result, sufficient melting may not be achieved on the groove
surface 2.

[0037]

Furthermore, one challenge with narrow-groove welding
is the inhibition of welding defects due to spatter
deposited on the groove surface. However, because of the
positioning of the first electrode 3 and the second
electrode 4 along the predetermined parallel weld lines 8,
8, the polarities in which one of the electrodes is
electrode-negative (has straight polarity) and in which the
other is electrode-positive (has reverse polarity), and the
first electrode-to-second electrode distance a adjusted to
be within the range of 5 mm to 16 mm, it is possible to
allow spatter to be absorbed into each of the molten metals,
which results in inhibition of the deposition of spatter
onto the groove surface, and, consequently, a sound weld can
be obtained.

[0038]

Thus, it is preferable that the first electrode-to-
second electrode distance a be adjusted to be within the
range of 5 mm to 16 mm.

[0039]
[Angle o of Straight Line Connecting Ends of Welding Wires

of First Electrode and Second Electrode: 60° or less]



- 21 -

In the present invention, the melting of the groove
surface is ensured by utilizing repulsion between the arcs.
When an angle o of a straight line with respect to a groove
width direction (direction perpendicular to the weld line 8)
is greater than 60°, where the straight line is a line
connecting the ends of the welding wires of the first
electrode 3 and the second electrode 4 to each other, a
sufficient repulsive force between the arcs may not be
generated, and, consequently, sufficient melting may not be
achieved on the groove surface. Accordingly, it is
preferable that the angle o of the straight line connecting
the ends of the welding wires of the first electrode and the
second electrode (hereinafter also simply referred to as a
"first electrode and second electrode positioning angle",
see Fig. 2(b)) be 60° or less. More preferably, the angle «
is 50° or less. The first electrode and second electrode
positioning angle o may be 0°.

[0040]
[Diameter of Welding Wire: 1.0 mm to 1.6 mm]

Typically, welding wires for narrow-groove gas-shielded
arc welding are manufactured with a diameter within a range
of 0.6 mm to 2.0 mm. In general, the smaller the wire
diameter, the higher the deposition rate due to Joule
heating, provided that the same current is used for welding.

Accordingly, it is preferable to select a relatively small
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wire diameter so as to realize a high-efficiency welding
operation. On the other hand, when the wire diameter is
excessively small, Joule heating causes the wire to be
softened, which results in unstable welding. Accordingly,
it is preferable that the diameter of the welding wires used
in the present invention be within a range of 1.0 mm to 1.6
mm.

[0041]

[Distance Between Adjacent Electrodes for Second Electrode
and One or More Additional Electrodes: 10 mm to 100 mm]

A distance between adjacent electrodes for the second
electrode 4 and one or more additional electrodes is a
distance b or a distance c¢ in the example of Fig. 2(b). The
distance b is a distance between ends of the welding wires
4b and 5b, which are supplied through the contact tips 4a
and 5a, which are disposed at ends of respective welding
torches of the second electrode 4 and the third electrode 5
(hereinafter, this distance is also simply referred to as a
"second electrode-to-third electrode distance"). The
distance ¢ is a distance between ends of the welding wires
5b and 6b, which are supplied through the contact tips 5a
and 6a, which are disposed at ends of respective welding
torches of the third electrode 5 and the fourth electrode 6
(hereinafter, this distance is also simply referred to as a

"third electrode-to-fourth electrode distance").
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Preferably, the distance between adjacent electrodes for the
second electrode 4 and one or more additional electrodes,
such as the distance b and the distance ¢, is within a range
of 10 mm to 100 mm. This is because when the distance is
within this range, resistance to hot cracking is improved.
More preferably, the distance is 12 mm to 80 mm.
[0042]
[Positions of Third Electrode and Optionally Additional
Electrodes]

Regarding the welding for forming the first layer, when
a weld deposit height is greater than the groove root gap G,
the possibility of hot cracking increases. An effective way
to avoid this is to position the third electrode 5 and
optionally additional electrodes behind the first electrode
3 and the second electrode 4 and in a middle of the groove.
This is because heat can be imparted to a middle of the bead
by the third electrode 5 and optionally additional
electrodes, and, consequently, a final solidification region
can be changed. In addition, the number of layers can be
consequently further reduced, which can significantly reduce
the possibility of stacking defects associated with multi-
layer welding. This is because uneven distribution of the
weld metal in the groove can be prevented. As referred to
herein, the "middle of the groove" may include a region *10%

or less from the middle of the groove portion in the groove
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root gap G.

[0043]

[Shielding Gas: Mixed Gas Containing CO2 Gas in Amount of 20
vol.% or Greater]

An oxygen content of the weld metal is significantly
affected by a composition of a shielding gas, and,
therefore, the shielding gas to be used for the narrow-
groove gas-shielded arc welding of the present invention is
preferably a mixed gas containing CO2 gas in an amount of 20
vol.% or greater, with the balance being an inert gas, such
as Ar. More preferably, the shielding gas is a single gas
containing CO2 gas in an amount of 100 vol.%. In the present
invention, it is preferable that a concentration of oxygen
in the weld metal, which dominates the melt fluidity of the
weld metal, be high so that the convection of the weld metal
can be directed outward from a middle and, thus, that a
large melt depth can be consistently achieved in a root
portion of the steel plates in the groove.

[0044]

[REM Content of Welding Wire: 0.005 mass$ to 0.060 mass%]
Rare earth metals (REM) are elements effective for
refining inclusions present in the weld metal and improving

toughness for a welding operation. A welding wire
containing REM may be supplied to at least one straight-

polarity electrode to perform welding; in this case, fine
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droplets can be obtained, and stable transfer of the
droplets can be achieved. This transfer of fine droplets
inhibits the occurrence of spattering and enables stable
gas-shielded arc welding even with straight polarity. Thus,
in the present invention, it is preferable that a steel wire
containing one or more rare earth metals (REM) be supplied
to at least one straight-polarity electrode. Elements other
than REM are present in appropriate amounts that are typical
and in accordance with a grade (steel grade) of the welding
wire, as described in JIS 7Z 3312.

[0045]

When the REM content is less than 0.005 mass$%, the
obtaining of fine droplets and the achievement of stable
transfer of droplets are difficult. On the other hand, when
the REM is present in an amount greater than 0.060 mass$%,
cracking occurs during the process of manufacturing the
wire, and as a result, the manufacture of the welding wire
becomes difficult. Accordingly, the REM content is
preferably within a range of 0.005 mass% to 0.060 mass%.
More preferably, the REM content is 0.010 mass% to 0.055
masss.

[0046]
[Other Welding Conditions]
In the present invention, conditions other than the

above-described welding conditions need not be particularly
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limited and may be those in accordance with a common
procedure. Examples of the conditions include a welding
voltage of 32 V to 37 V, a welding speed of 30 cm/min to 90
cm/min, and a welding wire protrusion length of 15 mm to 30
mm.

[0047]

As illustrated in Fig. 2(a), a supply angle ¢ for
supplying each of the welding wires 3b and 4b of the first
electrode 3 and the second electrode 4 toward the root of
the groove (hereinafter, this angle is also simply referred
to as a "supply angle ¢") may be within a range of 0° to 15°
with respect to a perpendicular line. Regarding the supply
angle ¢, a direction pointing to a corresponding portion of
the groove surface is designated as "+". As referred to
herein, the "perpendicular line" is a line perpendicular to
the root of the groove. Furthermore, a distance d between a
side edge portion at the end of each of the welding wires of
the first electrode 3 and the second electrode 4 and a
corresponding root portion of the groove surface 2
(hereinafter, this distance is also simply referred to as a
"distance d") may be within a range of 0.1 mm to 3.0 mm.
Furthermore, a radius of curvature of the welding wires
supplied through the contact tips 3a and 4a disposed at the
ends of the respective welding torches of the first

electrode 3 and the second electrode 4 (hereinafter, this
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radius of curvature is also simply referred to as a "radius
of curvature of the wires") may be 150 mm to 500 mm.

[0048]

[Supply Angle ¢ for Supplying Welding Wires Toward Root of
Groove: 0° to 15° with respect to perpendicular line]

Arcs have a directionality, that is, have a property of
tending to be oriented in a direction to which each of the
ends of electrodes (welding wires) points. An advantageous
way to effectively utilize the directionality of arcs for
the melting of the groove surface is to enable the direction
to which each of the ends of the electrodes points to be
oriented toward the groove surface, and the direction to
which each of the ends of the electrodes points
significantly depends on the supply angle ¢ for supplying
the welding wires through the contact tips disposed at the
ends of the respective welding torches. The supply angle o
for supplying the welding wires toward the root of the
groove through the contact tips disposed at the ends of the
respective welding torches is illustrated in Fig. 2(a).
[0049]

When the supply angle ¢ for supplying each of the
welding wires 3b and 4b toward the root of the groove
through the contact tips 3a and 4a disposed at the ends of
the respective welding torches is less than 0° with respect

to the perpendicular line, a current flows to a path having
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a lower resistance. As a result, the arc climbs upward (arc
climbing) along the wires, which are electrodes, and,
consequently, it becomes difficult to maintain the melt in a
target portion of the groove surface 2, in particular, in a
root portion. On the other hand, when the supply angle ¢
for supplying the welding wires toward the root of the
groove through the contact tips is greater than 15° with
respect to the perpendicular line, the arcs point to the
groove surface 2 to an excessive extent, which leads to a
convex shape of the weld bead; consequently, regarding the
welding for forming the first layer and additional layers,
melting by the arcs is not sufficiently achieved, which
increases the likelihood of the occurrence of welding
defects. Accordingly, the supply angle ¢ for supplying each
of the welding wires 3b and 4b of the first electrode 3 and
the second electrode 4 toward the root of the groove is
preferably within a range of 0° to 15° with respect to the
perpendicular line. More preferably, the supply angle ¢ is
5° to 12°.

[0050]

The supply angle ¢ for supplying each of the welding
wires of the first electrode 3 and the second electrode 4
toward the root of the groove is the same as a slope of the
contact tips 3a and 4a, particularly, a slope of the ends of

the contact tips, and, accordingly, the supply angle ¢ for
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supplying the welding wire can be controlled with the slope
of the ends of the contact tips.

[0051]

[Distance d Between Side Edge Portion at End of Each of
Welding Wires of First Electrode and Second Electrode and
Corresponding Portion of Groove Surface 2 of Steel Plates:
0.1 mm to 3.0 mm]

Preferably, the distance d (Fig. 2(a)) between a side
edge portion at the end of each of the welding wires of the
first electrode 3 and the second electrode 4 and a
corresponding root portion of the groove surface 2 of the
steel plates is 0.1 mm to 3.0 mm. When the distance d is
less than 0.1 mm, the arc may be formed between an upper
portion of the wire and the groove surface 2, and,
consequently, the groove surface 2 may not be efficiently
melted in the root portion of the steel plates. On the
other hand, when the distance d is greater than 3.0 mm, the
arc is distant from the groove surface 2, and, consequently,
the groove surface 2 may not be efficiently melted.
Accordingly, the distance d is preferably 0.1 mm to 3.0 mm.
More preferably, the distance d is 0.5 mm to 2.0 mm, and
even more preferably, 0.5 mm to 1.0 mm. As referred to
herein, the "side edge portion at the end of the welding
wire" is a side edge portion closer to the groove surface 2

of the steel plates that are to be melted by the respective
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electrodes.

[0052]

[Radius of Curvature of Welding Wires to Be Fed to Contact
Tips: 150 mm to 500 mm]

The present invention uses contact tips having a bent
end. This is to control the supply angle ¢ for supplying
the welding wires 3b and 4b through the contact tips 3a and
4a disposed at the ends of the respective welding torches of
the first electrode 3 and the second electrode 4. Thus, the
welding wires pass through the contact tips having a bent
end. It is, therefore, preferable that the welding wires be
bent beforehand with a so-called three-roll bending machine,
or the like, so as to be more smoothly passed through the
contact tips. When the radius of curvature of the welding
wires is less than 150 mm, wire feeding resistance
increases, and, therefore, the welding wires cannot be
stably fed, which makes it difficult to maintain the arc.

On the other hand, when the radius of curvature of the
welding wires is greater than 500 mm, the effect of reducing
the wire feeding resistance due to a contact tip having a
bent end is not produced, and, therefore, the welding wires
also cannot be stably fed, which makes it difficult to
maintain the arc. Thus, it is preferable that the radius of
curvature of the welding wires 3b and 4b to be fed to the

contact tips 3a and 4a of the first electrode 3 and the
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second electrode 4 be 150 mm to 500 mm. More preferably,
the radius of curvature is 175 mm to 475 mm.

EXAMPLES

[0053]

The present invention will now be further described
based on Examples. Note that the Examples below are
provided merely to illustrate the present invention in more
detail and are not intended to limit the scope of the
present invention.

[0054]

Welded joints were prepared by performing multi-
electrode multi-layer narrow-groove gas-shielded arc
welding, with a single pass per layer, on base steels
(tensile strength: 550 MPa or greater) each having a groove.
The welding conditions for each numbered case are shown in
Tables 1 to 3. The grooves were formed by gas cutting, and
the shape of the groove of each numbered case is shown in
Table 1. For each numbered operation, a third electrode and
optionally additional electrode were positioned behind the
first electrode and the second electrode and in a middle of
the groove. The supply angle ¢ was 8°. The radius of
curvature of the wires was 300 mm.

[0055]
In each of the prepared welded joints, a cross section

of the weld was etched with nital, and subsequently, an
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investigation was performed to see whether there were
welding defects (hot cracking and lack of fusion). It was
observed that none of the welded joints had the welding
defects.

[0056]

The Ceqg of the weld metals of the welded joints was
determined by chemical analysis, and it was found that in
Invention Examples, the Ceq was 0.320 mass$ or greater, and
that in Comparative Examples, the Ceq was in a range of less
than 0.320 mass%.

[0057]

Round bar tensile test specimens were cut from the weld
metals of the welded joints in accordance with the
specifications of JIS Z 3111, to evaluate the tensile
strength of the weld metals. The results of the evaluation
are shown in Table 4. As demonstrated in Table 4, all of
the weld metals in Invention Examples had a tensile strength
of 550 MPa or greater. In contrast, the weld metals of
Comparative Examples Nos. 8 to 10 had a tensile strength of
less than 550 MPa. In Comparative Example No. 8, the
average Ceq was less than 0.400 mass%; in Comparative
Example No. 9, the sum of the amounts of heat input was
greater than 60 kJ/cm; and in Comparative Example No. 10,
the maximum/minimum ratio of amounts of heat input was

greater than 1.40.
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[Table 1]

_34_

Steel Grade of Base Thickness t of Shape of Groove Number of Numbgr of
No. Steel Base Steel sh Groove | Groove Root Electrodes Used Welding Remarks
(mm) aPe | Angle 8 (°) | Gap G (mm) Passes
1 | 550 MPa-Class Steel 100 V Shape 5 10 3 18 Invention Example
2 | 570 MPa-Class Steel 80 V Shape 10 9 3 15 Invention Example
3 | 550 MPa-Class Steel 70 V Shape 6 12 3 9 Invention Example
4 | 550 MPa-Class Steel 50 V Shape 5 10 3 8 Invention Example
5 | 550 MPa-Class Steel 45 V Shape 8 8 3 4 Invention Example
6 | 590 MPa-Class Steel 25 | Shape 0 10 3 4 Invention Example
7 | 550 MPa-Class Steel 65 V Shape 10 11 3 19 Invention Example
8 | 550 MPa-Class Steel 100 V Shape 5 10 3 11 Comparative Example
9 | 550 MPa-Class Steel 80 V Shape 8 11 3 7 Comparative Example
10| 550 MPa-Class Steel 25 | Shape 0 12 3 3 Comparative Example
11| 550 MPa-Class Steel 80 V Shape 5 10 4 14 Invention Example
12| 550 MPa-Class Steel 80 V Shape 5 10 4 14 Invention Example

[0059]
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[Table 2]
Welding Conditions for First Electrode Welding Conditions for Second Electrode Welding Conditions for Third Electrode Welding Conditions for Fourth Electrode Sum of
Composition | Welding Ced of Amount Cedof Amount Ced of Amount Cedof Amount | Average | Amounts | Maximum/Minimum
No.| of Shielding | Speed Polarit V?/?reo Current | Voltage | of Heat |5\~ Ve\l?r: Current | Voltage | of Heat Polariy V?/?reo Current | Voltage | of Heat |\ o Ve\l?r: Current| Voltage | of Heat | Ceq | of Heat | Ratio of Amounts of Remarks
Gas | (cmimin) Y (massvy| @ | V)| inout Y (masswy| ) | W) | Inout masswy| @ | W | inout Y masswy| B | V| fout (mass%) | Input Heat Input
° (kdicm) ° (kdcm) 0 (kdlcm) ° (kdcm) (kdfcm)
1| 100%CO; 60 W- | 0508 | 275 34 935 | W+ | 0425 | 275 35 963 | W+ | 0508 | 300 32 9.60 0.480 29 1.03 Invention Example
2 | 100%CO:. 55 W- | 0495 | 300 33 10.80 | W+ | 0473 | 310 33 116 | W- | 0495 | 280 32 9.77 0.488 32 1.14 Invention Example
3| 100%CO. 40 W- | 0505 | 285 33 1411 | W+ | 0433 | 290 33 1436 | W- | 0495 | 310 33 15.35 0.478 44 1.09 Invention Example
4| 100%CO: 60 W- | 0473 | 300 34 10.20 | W+ | 0425 | 300 34 1020 | W+ | 0492 | 275 32 8.80 0.463 29 1.16 Invention Example
5| 100%CO; 35 W- | 0495 | 290 32 15.91 | W+ | 0435 | 290 34 16.90 | W- | 0485 | 290 33 16.41 0.472 49 1.06 Invention Example
% Ar-
6 28(3’/?(?62 70 W- | 0505 | 280 32 768 | W+ | 0432 | 285 33 8.06 | W+ | 0.505 | 340 34 9.91 0.481 26 1.29 Invention Example
7| 100%CO2 90 W- | 0491 | 310 33 6.82 | W+ | 0445 | 315 33 6.93 W- | 0473 | 300 33 6.60 0.470 20 1.05 Invention Example
% Ar-
8 28(3’/?(?62 40 W- | 0.395 | 300 34 15.30 | W+ | 0.385 | 310 33 15.35 | W+ | 0.395 | 320 35 16.80 0.392 47 1.10 Comparative Example
9 | 100%CO. 28 W- | 0491 | 305 34 2222 | W+ | 0422 | 305 35 | 2288 | W- | 0430 | 320 34 | 2331 0.448 68 1.05 Comparative Example
10| 100%CO; 45 W- | 0425 | 265 32 1131 | W+ | 0385 | 355 34 16.09 | W- | 0425 | 270 33 11.88 0.412 39 142 Comparative Example
11| 100%CO: 80 W- | 0508 | 280 32 6.72 | W+ | 0425 | 290 33 748 | W+ | 0425 | 290 33 748 | W+ | 0473 | 280 33 6.93 | 0.458 28 1.07 Invention Example
12| 100%CO; 80 W+ | 0432 | 290 33 7.18 W- | 0495 | 280 32 672 | W+ | 0425 | 300 33 743 W- | 0508 | 270 32 6.48 | 0.465 28 1.15 Invention Example

[0060]

Note) In the "Polarity" column, "W-" indicates electrode-negative (straight polarity), and "W+" indicates electrode-positive (reverse polarity).




[Table 3]
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Welding Conditions for First Electrode

Welding Conditions for Second Electrode

Welding Conditions for Third Electrode

Welding Conditions for Fourth Electrode

No.| - DIemeterof | ens in wire{Distance d| D" o [REM in Wire|Distance a| Angle ofDistance o| D" O |Rentin wire| 21 Blectioderto-drd | Diameterof- |y iy 310 Blectioderto-th Remarks
ire N Wire N o Wire N Electrode Distance b Wire N Electrode Distance ¢
(mm) (mass%) (mm) (mm) (mass%) (mm) (°) (mm) (mm) (mass%) (mm) (mm) (mass%) (mm)

1 12 0.025 10t025 1.2 - 14 5 |1.0t02.5 1.2 - 16 Invention Example

2 1.2 0.030 |0.2t03.0 1.2 - 13 49 [02t03.0 1.2 0.025 19 Invention Example

3 1.2 0025 [15t3.0 1.2 - 15 53 |15t03.0 1.2 0.025 18 Invention Example
4 12 0.025 05t01.2 1.2 - 13 45 105t01.2 1.2 - 16 Invention Example
5 12 0.025 15t03.0 12 - 7 45 1151030 1.2 0.030 20 Invention Example

6 1.2 0.030 |0.1t01.0 1.2 - 13 51 |0.1t01.0 1.2 - 16 Invention Example
7 1.2 0.030 |05t03.0 1.2 - 14 45 [05t03.0 1.2 0.025 1 Invention Example
8 12 0.025 05t01.5 12 - 15 53 |05t01.5 1.2 - 22 Comparative Example
9 12 0.025 0.2t03.0 12 - 16 49 102t03.0 1.2 0.025 19 Comparative Example
10 1.2 0.030 |0.1t01.0 1.2 - 15 48 [0.1t01.0 1.2 0.030 16 Comparative Example
1 1.2 0.030 |05t02.0 1.2 - 15 53 |05t02.0 1.2 - 1 1.2 - 15 Invention Example
12 1.2 - 05t01.5 1.2 0.030 13 48 [05t01.5 1.2 - 16 1.2 0.025 10 Invention Example

Note 1) The distance d is a distance d between a side edge portion at an end of each of the welding wires of the first electrode and the second electrode and a corresponding bottom portion of a groove surface of steel plates.

Note 2) The distance a is a first electrode-to-second electrode distance a.
Note 3) The angle a is a first electrode and second electrode positioning angle a.

[0061]
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[Table 4]
Average Arﬁgmwgof Maximum/Minimum Ratio of| | crsie Strength
No. ~Ceg Heat Input Amounts of Heat Input of Weld Metal Remarks
(mass%) P P (MPa)
(kJicm)
1] 0480 29 1.03 695 Invention Example
2| 0488 32 1.14 682 Invention Example
3| 0478 44 1.09 660 Invention Example
4| 0.463 29 1.16 644 Invention Example
51 0472 49 1.06 605 Invention Example
6| 0481 26 1.29 783 Invention Example
7| 0470 20 1.05 688 Invention Example
8 | 0.392 47 1.10 498 Comparative Example
9| 0.448 68 1.05 536 Comparative Example
10| 0.412 39 1.42 515 Comparative Example
11| 0.458 28 1.07 650 Invention Example
12| 0.465 28 1.15 655 Invention Example

Reference Signs List

[0062]

1 steel plate

2 groove surface

3 first electrode

4 second electrode

5 third electrode

6 fourth electrode

3a,

3b,

4a, 5a, o6a

contact tip

4b, 5b, 6b welding wire

7 Dbacking member

8 weld line

9 weld bead in first layer




- 38 -

10 molten pool (second layer)

11 weld bead (second layer) being welded
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CLAIMS
[Claim 1]

A narrow-groove gas-shielded arc welding method
comprising joining steel plates together by narrow-groove
multi-layer welding, the steel plates having a thickness t
of 22 mm or greater, the narrow-groove multi-layer welding
using a groove angle 6 of 25° or less and a groove root gap
G of 7 mm to 18 mm, wherein

the multi-layer welding is multi-electrode welding
using three or more electrodes,

welding wires have respective equivalent carbon
contents (Ceq), and an average value of the equivalent
carbon contents is 0.400 mass$% or greater, where the
equivalent carbon contents are each defined by equation (1)
below, and where the average value is determined by dividing
a sum of the equivalent carbon contents by the number of
electrodes,

the electrodes have respective amounts of heat input,
and a ratio of a maximum to a minimum of the amounts of heat
input is 1.40 or less, and

a sum of the amounts of heat input of the electrodes is
10 kJ/cm to 60 kJ/cm:

Ceq = [C] + [Si]/24 4+ [Mn]/6 + [Ni]/40 + [Cr]/5 +
[Mo]/4 + [V]/14 (1)

where [element] indicates a content (mass%) of the
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element in each of the welding wires, and when the element
is not included, 0 is substituted.
[Claim 2]

The narrow-groove gas-shielded arc welding method
according to Claim 1, wherein

one of a first electrode and a second electrode is
electrode-negative (has straight polarity), and the other is
electrode-positive (has reverse polarity),

a distance a between ends of welding wires supplied
through contact tips disposed at ends of respective welding
torches of the first electrode and the second electrode is 5
mm to 16 mm,

an angle o of a straight line with respect to a groove
width direction is 60° or less, where the straight line is a
line connecting the ends of the welding wires of the first
electrode and the second electrode to each other,

a diameter of the welding wires that are used in the
electrodes is within a range of 1.0 mm to 1.6 mm, and

a distance between adjacent electrodes for the second
electrode and one or more additional electrodes is 10 mm to
100 mm.

[Claim 3]

The narrow-groove gas-shielded arc welding method

according to Claim 2, wherein a third electrode and

optionally additional electrodes are positioned behind the
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first electrode and the second electrode and in a middle of
the groove.
[Claim 4]

The narrow-groove gas-shielded arc welding method
according to any one of Claims 1 to 3, wherein a mixed gas
containing CO2 gas in an amount of 20 vol.% or greater is
used as a shielding gas.

[Claim 5]

The narrow-groove gas-shielded arc welding method
according to any one of Claims 1 to 4, wherein at least one
welding wire used in a straight-polarity electrode contains
one or more rare earth metals (REM) in an amount of 0.005

mass% to 0.060 mass%.



