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Nitrogen (N) elenent is inevitably contam nated and is effective for
allowing the weld netal to have hi gher strengths. However, nitrogen,
if contained in an excessively high content, may cause the weld netal
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[0013]

The present invention has been made under such circumstances, and an
object thereofis to provide a weld metal which is satisfactorily resistant to hydrogen
embrittlement and cold cracking even having a high strength. Another object of the
present invention is to provide a weld metal which has satisfactory low-temperature
toughmness according to necessity in addition to the above properties.

Solution to Problem
[0014]

"The present invention has heen achieved the objects and provides a weld
metal formed by gas-shielded arc welding using a flux-cored wire,

the weld metal including: Cin a content of 0.02% to 0.12%; Siin a content of
0.10% to 2.0%; Mn in a content of 0.90% to 2.5%; Ni in a content of 0.20% to 3.5%; Mo
in. a content of 0.05% to 1.5%; Ti in a content of 0.040% to 0.150%; N in a content of
more than 0% and less than or equal to 0.015%; and O in a content of 0.030% to
0.10%,
in mass percent,
wherein:

the weld metal further includes iron and inevitable impurities;

retained austenite particles are present in a number density of 2500 per
square millimeter or more and are present in a total volume fraction of 4.0% or more
based on the total volume of entire structures of the weld metal. Retained austenite
particles to be measured in the measurement of the number density are those
having a size equal o ox larger than a measurement limit thaving an equivalent
civcle diameter of more than 0.15 pm).

[0015]

The weld metal according to the present invention may effectively have a Si
content of 0.10% to 0.5% and a Ni content of 1.0% to 2.0% and have an a value as
specified by Expression (1) of 3.2 or more. This may allow the weld metal to excel
also in low-temperature toughness. Specifically, this weld metal may have an
impact energy absorption at -40°C vE.4 of more than 85J. Expression (1) is
expressed as follows:

a value=[Mnl+NiH@x[Mo)+(16x[Ti])-(12x[0]) @
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111111 1 In a preferred embodiment of the weld metal according to the present
invention, oxide particles each containing 20 percent by mass or more of Ti and
having an equivalent circle diameter of 0.15 to 1.0 um are present in a number
density of 5000 per square millimeter or more. As used herein the teym “equivalent
circle diameter” refers to a diameter of an assumed circle having an equivalent area
to that of a retained austenite particle or oxide particle as observed on an observed
surface under an optical microscope.

[0017]

In preferred embodiments, the weld metal according to the present invention
may further contain one or more other elements such as (a) at least one element
selected from the group consisting of Cr in a content of more than 0% and less than
or equal to 2.0%, V in a content of more than 0% and less than or equal to 0.60%, Nb
in a content of more than 0% and less than or equal to 0.15%, and Cu in a content of
more than 0% and less than or equal to 1.0%; (b) at least one element selected from
the group consisting of Al in a content of more than 0% and less thaxn or equal to
0.020% and Zr in a content of more than 0% and less than or equal t0 0.10%; () B in
a content of more than 0% and less than or equal to 0.0050%. The weld metal can
have further better property or properties according to the type(s) of element(s) to be
contained.

Advantageous Effects of Invention
[0018]

The present invention suitably controls not only the chemical composition but
also the number density and total volume fraction of retained austenite particles and
can thereby give a weld metal having excellent hydrogen embrittlement resistance.
The present invention, when further strictly controlling the contents of Si and Ni and
allowing the contents of Mn, Ni, Mo, Ti, and O to satisfy the predetermined
relational expression, can give a weld metal also having excellent low-temperature
toughness i addition to the properties.

Brief Deseription of Drawings
[0019]

[Fig. 1] Fig. 1is a schematic explanatory drawing illustrating a groove

geometry upon formation of a weld metal.
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the time in a thermal cycle simulating a reheating cycle.

[Fig. 4] Fig. 4 is an explanatory drawing illustrating a shape of a specimen for
use m a tensile test.

[Fig. 5] Fig. 5 is an explanatory drawing illustrating a shape of a specimen for
use in measurement of absorbed hydrogen content.

Description of Embodiments
[0020]

The present inventors made various investigations to improve hydrogen
embrittlement resistance of a high-strength weld metal which is formed by
gas-shielded arvc welding using a flux-cored wire and has a high tensile strength of
HT780 class. As a result, the present inventors have found that the high-strength
weld metal can have better hydrogen embnittlement resistance by allowing the weld
metal to contam retained austenite particles in a predetermined number density,
because such retained austenite particles serve as diffusible-hydrogen-trapping sites.
The present invention has been made based on these findings.
fooz1]

Specifically, the present inventors have found that a weld metal having a high
tensile strength of HT780 class can have better hydrogen embrittlement resistance
by controlling the weld metal to have a chemical composition within a predetermined
range and to contain retained austenite particles present in a number density of
2500 per square millimeter or more and in a total volume fraction (proportion based
on the entire structures) of 4.0% or more.

[0022]

Reduction in diffusible hydrogen effectively contributes to satisfactory
hydrogen embuittlement resistance. The presence of retained austenite has been
known to effectively contribute to reduction in diffusible hydrogen. Customary
investigations, however, focus not always on optimum dispersion form of retained
austenite but chiefly solely on the amount thereof. Under such cixcumstances, the
present inventors have made investigations on not only the amount of retained
austenite but also the number density thereof, as a technique for providing
sigmficantly better hydrogen embrittlement resistance. '

[oo23]
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[0024]

Specifically, a weld metal according to an embodiment of the present
invention contains retained austenite particles in a nuraber density of 2500 per
square millimeter oxr move and in a total volume fraction of 4.0% or more based on
the total volume of entire structures of the weld metal and can theveby be less
susceptible to hydrogen embrittlement (be move resistant to hydrogen
embrittlement). The retained austenite particles may be present in a number
density of preferably 3000 per square millimeter or more and more preferably 3300
per square millimeter or more and in a total volume fraction of preferably 4.5% or
more and more preferably 4.8% or more.

[0025]

The present inventors have further found that the weld metal can also have
satisfactory low-temperature toughness when having a Si content of 0.10% to 0.5%
and a Ni content of 1.0% to 2.0% and having an a value as specified by Expression (1)
of 8.2 or more, where Expression (1) is expressed as follows:

a value={Mn}Ni}+@x[Mo+16x[TiD-(12x[0]) oy

where [Mn], INil, [Mal, [T4], and [O] ave contents (in mass percent) of Mn, Ni,
Mo, T4, and O, respectively.

[0026]

Specifically, reduction in coarse grain-boundary ferrite grains formed at prior
austenite grain boundary is required for ensuring low-temperature toughness at a
certain level. Elements Mn, Ni, Mo, and Ti defining the a value expressed by
Expression (1), when present as solutes in a solid solution, contribute to suppression
in grain-boundary ferrite formation. Part of Mn and Ti form oxides, and reduction
in oxygen (O) allows these elements to be present as solutes in larger amounts. The
present inventors have experimentally determined coefficients of the respective
elements and have found that the weld metal, when having an a value of 3.2 or more,
may have better low-temperature toughness while containing a smaller amount of
grain-boundary ferrite.
foo27]
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[0028]
[C: 0.02% to 0.12%]

Carbon (C) element is essential for satisfactory strengths of the weld metal.

To exhibit such effects, carbon may be contained in a content of 0.02% or more,
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preferably 0.04% or more, and more preferably 0.06% or more. However, carbon, if

contained in a content of more than 0.12%, may cause the weld metal to have
excessively high strengths to thereby have higher hydrogen embrittlement

susceptibility (lower hydrogen embrittlement resistance). Carbon may be contained
in a content of preferably 0.10% or less and more preferably 0.08% or less in terms of

its upper hat.
[oo29]
[Si: 0.10% to 2.0%]

Silicon (Si) element, when present as a solute, serves to retard carbide
formation and to stabilize retained austenite. Si, if contained in a content of less
than 0.10%, may fail to help the weld metal to contain retained austenite in a
sufficient amount. Simay be contained in a content of preferably 0.25% or more
and more preferably 0.28% or more. However, Si, if contained in an excessively
high content, may cause the weld metal to have excessively high strengths and to

thereby have higher hydrogen embrittlement susceptibility. To avoid these, the Si

content may be controlled to 2.0% or less, preferably 1.5% or less, and more

preferably 0.5% or less. Particularly for satisfactory low-temperature toughness of
the weld roetal, the Si content is preferably 0.5% or less and furthermore preferably

0.4% or less. Specifically, Si, if contained in a content of more than 0.5%, may cause
the formation of hard martensite-austenite constituent, and this may cause fracture

to thereby often cause the weld metal to have poor low-temperature toughness.
[0030]

Mn: 0.90% to 2.5%]
Manganese (Mn) element is necessary for helping the weld metal to have
strengths at certain levels. To exhibit such effects, Mn may be contained in a

content of 0.90% or more, preferably 1.2% or more, and more preferably 1.5% or more.

However, Mn, if contained in an excessively high content of more than 2.5%, may
cause the weld metal to have excessively high strengths to thereby have higher
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Nickel (Ni) element is necessary for helping the weld metal to have strengths
at certain Jevels. To exhibit such effects, Ni may be contained in a content of 0.20%
or more, preferably 0.5% or more, and move preferably 1.0% or more. However, Ni,
if contained in an excessively high content of more than 8.5%, may cause the weld
metal to have excessively high strengths to thereby have higher hydrogen
embrittlement susceptibility. Nimay be contained in a content of preferably 3.0%
or less and more preferably 2.8% or less. Particularly for satisfactory
low-temperature toughness of the weld metal, Ni may be contained in a content of
preferably 1.0% or more and 2.0% or less, and more preferably 1.1% or more and
1.8% orless. Niallows the weld metal to have a lower fracture appearance
transition temperature and to thereby have a higher Charpy impact strength at low
temperatures. To exhibit such effects, Ni is preferably contained in a content of
1.0% ormore. However, Ni, if contained in a content of more than 2.0%, may cause
the weld metal to contain martensite in a larger amount, thereby have higher
strengths, and have a lower Charpy impact strength.

[0032]
Mo:  0.05% to 1.5%]

Molybdenum (Mo) element is necessary for helping the weld metal to have
higher strengths. ‘To exhibit such effects, Mo may be contained in a content of
0.05% or more, preferably 0.10% or more, and more preferably 0.2% or more.
However, Mo, if contained in an excessively high content of more than 1.5%, may
cause the weld metal to have higher hydrogen embrittlement susceptibility due to
excessively high strengths. Mo may be contained in a content of preferably 1.0% or
less and more preferably 0.50% or less.

[0033]
[Ti:  0.040% to 0.150%]

Titanium (T element forms oxides causing intragranular transformation,
allows the structure to be finer, and thereby contributes to high-density dispersion of
retained austenite particles. To exhibit such effects, Ti may be contained in a
content of 0.040% or more, preferably 0.050% or more, and more preferably 0.055%
or move. However, T, if contained in an excessively high content of more than
0.150%, may cause the weld metal to have higher hydrogen embrittlement



L101 j Linj LEO | LEO /..10 vco ] LEO LID 1 wo Z oto-o0 |
mat | ! 0170D Ze0"O 017001 | 0170-0 0170D 0170.0 | own 0470.0
ovot 01700 CPCD | 04011 || tin-a *K 912.0 [ 0170.0 | own ENTO
| over& | tot 01700 1 9EO 0 TC | crol svol vo | 80'0 E10 IClOl
co11 10 | C ‘%@8 erol elt! | | C1'0. 1 C10 | no | e vo

LCD | @Egerepl dp to eX@ssqvelyéng}éﬁtéen@h%r a1 maggbe qontgiped ipja copfent Of [
I 1 11 préfetdbly 0.18%tor 1éss aﬁ&'molx e preferabBA0l0g4 dillbdd 111 | 9101
11111111 [0034JA| 11 till

[N: more than 0% and less than or equal to 0.015%]

Nitrogen (N) element is inevitably contaminated and is effective for allowing
the weld metal to have higher strengths. However, nitrogen, if contained in an
excessively high content, may cause the weld metal to have higher hydrogen
embrittlement susceptibility due to excessively high strengths. To avoid these,
nickel may be contained in a content of 0.015% or less, preferably 0.010% or less, and
more preferably 0.006% orless. It is industrially difficult to allow the weld metal to
have a nitrogen content of 0%.

[0035]
[0: 0.030% to 0.10%]

Oxygen (O) element forms oxides causing intragranular transformation,
allows the structure to be finer, and thereby confributes to high-density dispersion of
retained austenite particles. To exhibit such effects, oxygen may be contained in a
content of 0.030% or more, preferably 0.035% or more, and more preferably 0.040%
or more. However, oxygen, if contained in an excessively high content of more than
0.10%, may form silicon oxides to reduce solute silicon, and may fail to ensure a
sufficient amount of retained austenite. Oxygen may be contamed in a content of
preferably 0.080% or less and more preferably 0.060% or less.

[0036]

The weld metal according to the present invention may contain elements as
above and further contain ivon and inevitable impurities. The inevitable impurities
may be elements (e.g., P and S) that are brought into the weld metal typically from
raw materials, construction materials, and manufacturing facilities. Such
impurities, however, generally segregate at grain boundaries, thereby lower grain
boundary strengths, and accelerate cold cracking. To avoid these, phosphorus (P)
and sulfur (S) contents ave preferably controlled to more than 0% and less than or
equal to 0.02% and more than 0% and less than or equal to 0.025%, respectively.
[0037]

The weld metal according to the present invention preferably further contains
one or more additional elements such as (a) at least one element selected from the
group consisting of Cr in a content of more than 0% and less than or equal to 2.0%, V
in a content of more than 0% and less than or equal to 0.60%, INb in a content of more
than 0% and less than or equal to 0.15%, and Cu in a content of more than 0% and
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more than 0% and less than or equal to 0.0050%. The weld metal may have a
better property according to the type of an element to be contained. These elements
may be contained in amounts as follows.
[oossg]
[At least one element selected from the group consisting of Cr in a content of more
than 0% and less than or equal to 2.0%, V in a content of more than 0% and less than
or equal to 0.60%, Nb in a content of move than 0% and less than or equal to 0.15%,
and Cuin a content of more than 0% and less than or equal to 1.0%)]

Chromiura (Cr), vanadium (V), miobium (Nb), and copper (Cu) elements
contribute to better strengths of the weld metal. However, these elements, if
contained in excessively high contents, may cause the weld metal to have higher
hydrogen embrittlement susceptibility due to excessively high strengths. To avoid
these, the elements may be controlled so that the Cr content is preferably 2.0% or
less, more preferably 1.5% or less, and furthermore preferably 1.0% or less; the V
content is preferably 0.60% or less, more preferably 0.50% or less, and furthermore
preferably 0.40% or less: the Nb content is preferably 0.15% or less, more preferably
0.10% or less, and furthermore preferably 0.08% or less; and the Cu content is
preferably 1.0% or less, more preferably 0.5% or less, and furthermore preferably
0.2% or less, vespectively. To exhibit the aforementioned effects, the Cr content is
preferably 0.05% or movre, the V content is preferably 0.02% or more, the Nb content
is preferably 0.01% or more, and the Cu content is preferably 0.05% or more in terms
of their lower limits.

[0039]
[Al in a content of more than 0% and less than or equal to 0.020% and/or Zr in a
content of more than 0% and less than or equal to 0.10%)]

Aluminum (Al and zirconium (Zx) elements are strong deoxidizers and serve
1o more and more increase retained austenite due to increased solute S1.  However,
these elements, if contained in excessively high contents, may cause reduction in
intragranular transformation caused from oxides and cause the weld metal to have
higher hydrogen embrittlement susceptibility due to a coarsened structure. To
avoid these, Al and Zr may be controlled so that the Al content is preferably 0.020%
or less and more preferably 0.018% or less, and the Zr content is preferably 0.10% or
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Boron (B) element suppresses the formation of ferrite af prior austenite grain
boundaries and thereby contributes to higher strengths of the weld metal. However,
boron, if contained in an excessively high content, may cause the weld metal to have
higher hydrogen embrittlement susceptibility due to excessively high strengths. To
avoid these, boron may be controlled so that the boron content is preferably 0.0050%
or less and more preferably 0.0080% or less. To exhibit the aforementioned effects,
the boron content is preferably 0.0010% or more in terms of its lower limit.

[0041]

As Jong as being formed by gas-shielded arc welding using a flux-cored wire,
the wire chemical composition and welding conditions for the weld metal according
fo the present invention are not limited. However, there are preferred ranges for
specific embodiments as mentioned above.

[0042]

From such viewpoints, the wire (welding material) preferably has a chemical
composition satisfying, for example, all the following conditions, Specifically, the
wire including a steel sheath and a flux core preferably has:

(a) a total content of Si present typically as a metal and an oxide of 0.35% to
2.5%;

{b) a content of Si present as another form than oxides of 0.25% or more;

{c) a content of Sipresent as an oxide of 0.25% or less;

(d) a total content of Ti present typically as a metal and an oxide of 2.5% to
4.5%;

(e) a total content of Al present typically as a metal and an oxide of 0.10% or
more;

() a total content of Zr present typically as a metal and an oxide of 0.035% or
more;

(2) a content of Mg present as a metal of 0.4% or more;
based on the total mass of the wire including the steel sheath and the flux,

(h) an A value as specified by Expression (2) of 0.30 or more, Expression (2)
determined from the amounts of total Si, Ti, Al, Zx, and Mg each present typically as
a metal and an oxide and expressed as follows:

A value=Si-[S/Ti+2A1+27r+3.5Mg)] (2), and

11
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Specifically, solute silicon in a necessary amount is difficult to be ensured if the
conditions (), (b), and/or (c) is not satisfied, i.e., if the content of Si present as anothexr
forra than oxides is less than 0.25%, or the content of Si present as oxides is more
than 0.25%, or the total content of Si is less than 0.35%.

[0045]

Even when Si is present in satisfactory forms, solute silicon is reduced due to
increased silicon oxides if the content(s) of Ti, Al, Zr, and/or Mg is out of the
above-specified range [any of the conditions (d) to (g) is not satisfied], or if the A value
is less than 0.30 [the condition (h) is not satisfied]. This is because the elements T4,
Al, Zx, and Mg are more deoxidative than Si.

[0046]

The higher the Si content (total Si content) and the Ti content are, the better
from the viewpoint of ensuring solute silicon in a sufficient amount. However, the
contents of Si and Ti in the wire of more than 2.5% and more than 4.5%, respectively,
may cause the weld metal to have contents of these elements more than the upper
limits of the above-specified ranges.

[0047]
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100> ;  dispersing retained austenite particles in a higher number densu;y, the bainitic
structure as a base (matrix) should be finer. Ti-Mn oxide is formed when the
compositional ratio satisfies the condition as specified by Expression (3), and this
Ti-Mn oxide induces intragranular transformation to thereby allow the bainitic
structure to be finexr. The Mn-Ti oxide disperses in a high density when the
compositional ratio is more than 10.0, and this allows the structure to be
furthermore finer, thus contributing to better hydrogen embrittlement resistance.
[0048]

The welding to form the weld metal is preferably performed under following
conditions. Specifically, the welding is preferably performed at a heat input of 2.5
kJ/mm or less using a shielding gas as a gas mixture containing 20% (in volume
percent) of COz with the remainder being Ar.  Welding performed at a heat input of
more than 2.5 kJ/imm may cause a lower cooling rate during welding to accelerate
the decomposition of retained austenite. The chemical composition of the shielding
gas is specified to control the oxide form so as to allow the structure to be finer. The
weld metal according to the present invention is formed by welding using a
flux-cored wire. The wire to be used generally has a flux filling rate of about 10% to
about 20%.

EXAMPLES
[0049]

The present mvention will be illustrated in further detail with reference to
several examples below. It should be noted, however, that the examples are by no
means construed to imit the scope of the invention; and various changes and
modifications without departing from the spirit and scope of the invention are
possible and fall within the scope of the invention.

[0050]
[EXPERIMENTAL EXAMPLE 1]

Weld metals were prepared by a procedure as mentioned later using
flux-cored wires (welding materials) having a wire diameter of 1.2 mm and a flux
filling rate of 13.5% and having chemical compositions given in Tables 1 and 2 below.
Properties (tensile strength and hydrogen embrittlement susceptibility) of the weld
metals were evaluated. Elements indicated by “” in Tables 1 and 2 were not added
(not contained).
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Val V V V ABM490Aktes skeat viag(ocessed to have a groove geometry illustrated in
Fig. 1, subjected to gas-shielded arc welding under welding conditions as follows, and
yielded each of weld metals. -
[0054]
Welding Conditions
Shielding Gas: (Gas mixture containing 20% of COz and 80% of Ar in volume
percent
Current, Voltage, and Welding Speed: 270 A, 29V, and 3.0 to 4.5 mm/second
Heat Input Conditions:
(A) 1.74 kJ/mom (270 A, 29V, and 4.5 mm/second)
(B) 2.37 kJ/imm (270 A, 29 V, and 3.3 mm/second)
(C) 2.61 kJ/mm (270 A, 29V, and 3.0 mm/second)
Preheating-interpass Temperature: 105°C to 150°C
Buildup Procedure: 3 layers, 13 passes
[0055)
A round bar specimen having a diameter of 5 mm was sampled from the final
pass in each of the prepared weld metals at a position illustrated in Fig. 2
(corresponding to an as welded zone) and subjected to a thermal cycle simulating a
reheating cycle. How the temperature varies depending on the time in the thermal
cycle simulating a reheating cycle is llustrated in Fig. 3. The chemical
compositions of the prepared weld metals, used welding materials, and heat input
conditions are indicated in Tables 3 and 4 below. Contents of elements indicated by
the symbol “<” in Tables 3 and 4 are of impurity levels (or less than impurity levels).
[0056]
[Table 8]
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these specimens by a method below.
[0059]
[Hydrogen Embrittlement Susceptibility Evaluation]

Such hydrogen charging conditions as to give diffusible hydrogen in an
amount of 1.5 to 3.0 ppm were selected using the prepared absorbed hydrogen
content measurement specimens. Charging conditions employed ave as follows.
[0060]

Aqueous Solution:  (0.5-maol/L or 2.5-mol/L HaSOH+(1-g/L KSCN), (30-g/L
NaCh+(1-g/lL. KSCN)

Cuwrrent Density: 0.1 A/dm?2, 1.0 A/dm?, or 5.0 A/dm?2

Charging Time: 24 hours
[0061]

The amount of diffusible hydrogen was determined as an amount of hydrogen
that is desorbed upon temperature rise up to 300°C at a rate of temperature rise of
12°C/minute using a thermal desorption spectrometer including a quadrupole mass
spectrometer (supplied by NEC ANELVA CORPORATION (now Canon ANELVA
Corporation)).

[0062]

Each tensile test specimen was charged with hydrogen under the conditions
and subjected to galvanization by a procedure as follows so as to prevent hydrogen
escaping.

Aqueous Solution: (350-g/L ZnS04 7THa0)+(20.6-g/L HaS04 (97%))+(60-g/L
NagSO4

Galvanizing Bath Temperature: 60°C

Current Density: 50 A/dm?

Galvanization Time: 3 min
[0063]

Each specimen was subjected to a test according to slow strain rate technique
(SSRT) at a crosshead speed of 5.0x 103 mm per minute (strain rate: 6.94x 106 per
second). When a non-hydrogen-charged control had an elongation at break of Eg,
and a hydrogen-charged specimen had an elongation at break of Ey, a specimen
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[o064]
[Tensile Strength Evaluation]

A 20-degree V groove was formed in a SM490A steel sheet having a thickness
of 20 mm, and welding was performed under welding conditions as follows using
each of the welding materials given in Tables 1 and 2 to give a weld metal, from
which a tensile test specimen according to Japanese Industrial Standard (JIS) 72202
was sampled and subjected to a tensile test. A specimen having a tensile strength
of more than 780 MPa was evaluated as acceptable.

Welding Conditions

Shielding Gas: Gas mixture of 20% of COg and 80% of Ar in volume percent

Current, Voltage, and Welding Speed: 270 A, 29V, and 4.5 mm/second

Heat Input: 1.74 kdJ/mm

Preheating-interpass Temperature: 105°C to 150°C

Buildup Procedure: 8 layers, 17 passes
fooss]

The number density of oxide particles each containing 20 percent by mass or
more of Tt and having an equivalent circle diameter of 0.15 to 1.0 pm, and the
number density and total volume fraction of retained austenite particles were
measured by methods as follows.

[ooes]
[Measurement of Number Density of Oxide Paxticles]

A round bar specimen having a diameter of 5 mm was sampled from the final
pass of each weld metal for SSRT test prepared in the “Weld Metal Preparation”, a
cross-section of which was polished to a mirror-smooth state, and images were taken
in two fields of view at a 1000-fold magnification with an optical microscope. The
mmages were analyzed by an image analysis software (‘Tmage-Pro Plus” supplied by
Media Cybernetics, Inc.), and oxide particles each having an equivalent circle
diameter of 0,15 to 1.0 pm were selected, and chemical compositions at the central
part of oxides in the images were analyzed by energy-dispersive x-ray spectroscopy
(SEM-EDS). Of detected elements, the analytical value {in mass percent) of Ti was
standardized with the total of analytical values (in mass percent) of Si, S, T4, Mn, Al,
Zr, and Mg, thereby contents (in mass percent) of Ti in oxide particles were
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[0067]
[Measurement of Number Density of Retained Austenite Pavticles]

The sample whose oxide particles number density had been measured was
etched with a LePera reagent, and images of the etched section were taken in two
fields of view at a 1000-fold magnification with an optical microscope. The images
were analyzed by the image analysis software to determine and analyze white
etched contrasts of retained austenite, and a number density of retained austenite
particles each having an equivalent civcle diameter of more than 0.15 pm was
calculated based on the analysis.

[0068]
[Measurement of Total Volume Fraction of Retained Austenite Particles]

The sample surface was electropolished and subjected to X-ray diffractometry
with a two-dimensional micro area X-ray diffractometer supplied by Rigaku
Corporation (RINT-RAPID IT’). Integrated intensity ratios of (110), (200), (211),
and (220) plane peals of ferrite phase; and of (111), (200), (220), and (311) plane
peaks of retained austenite phase were caleulated, based on which a volume fraction
of the retained austenite phase was calculated, and an average of the respective
combinations was detexmined.

[0069]

Results of these measurements (hydrogen embrittlement susceptibility,
tensile strength, number density and volume fraction of retained austenite, and
number density of oxide particles) are indicated in Tables 5 and 6 as follows.

[0070]
[Table 5]
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6 4136 4.6 10890 35 832 6 2533 5.2 4643 45 879 7 3377 4.8 11396 30

866 8 4390 5.5 11903 30 871 9 3883 6.9 4052 35 952 10 4896 5.0 12240
15 873 11 4052 4.2 11903 35 855 12 5994 5.0 13338 10 895 13 4136 4.8
11734 20 812 14 4305 4.7 12240 30 879 15 2701 5.5 4812 45 910 16 4727
5.1 11227 25 815 17 4559 5.3 10130 20 887 18 2617 4.9 8779 30 878 19

5234 4.6 WWWW 8912452786 466506025784
22 4136 4. 7T91"f2('?~!;2mb§9ens‘i'ty" ‘V’ 3282 4. mL%Tfpmni%? 923&:#}[’?&%; Tensile strength
nurnber (number per fr.atc?iigrr}n {e%) millig::{gr)e;f%e;igs pa:icEes susceptibility (MPa)
square millimeter) (%)
[ 30 2786 3.8 12578 70 804
31 1351 7.0 3038 65 1128
32 2701 3.6 8864 80 845
33 1520 3.8 3208 95 806
34 2855 6.7 4812 90 1062
35 675 3.9 4305 70 773
36 2701 3.7 12747 65 771
37 2870 3.7 11503 80 822
38 2786 3.8 14182 79 811
39 2870 3.9 11227 80 818
40 2701 3.9 15617 70 833
41 1520 3.1 15111 85 758
42 4643 6.9 11650 85 1002
43 1351 3.5 17052 95 995
44 3540 4.7 11481 90 988
45 3630 4.5 11818 90 1151
46 4136 4.3 13591 90 1173
47 829 3.8 3208 95 1058
48 4221 4.8 11818 30 748
49 4305 4.5 12072 80 1032
50 1520 5.2 3798 85 829
51 4896 4.6 15617 70 084
b2 3799 4.8 11227 85 1065
53 4390 48 12325 80 969
54 4981 5.4 11143 85 988
[0072]

The results indicate as follows, where numbers (Nos.) refer to test numbers
given in Tables 3t0 8. Nos. 1 to 29 (Tables 3 and 5) were samples satisfying
conditions specified in the present invention, had chemical compositions and number
density and total volume fraction of retained austenite particles as suitably
controlled, and gave weld metals having high strengths and satisfactory hydrogen
embrittlement resistance. Among them, samples having a number density of oxide
particles of 5000 per square millimeter or more (Nos. 20 5, 7, 8, 10 to 14, 16 to 19, 21

to 23, 25, 27, and 29) gave weld metals having extremely low hydrogen

embrittlement susceptibility.

23



5.3 4305 50 912 25 3799 4.6 11903 35 826 26 2701 4.9 4643 45 953 27
3208 4.7 10046 35 882 28 2955 5.2 4643 40 799 29 4052 4.8 12156 30
859 [0071] [Table 6] Test nunber Retai ned austenite Nunber density

y (nunber per square mllineter) of oxide particles drogen
enbrittl rregi) susceptibility (% Tensile strength (MPa) Nunber
density f er per square mllinmeter) Volunme fraction (% 30 2786

3.8 12578 70 B d&nghsid 3ok 3018 51% @én{sﬂe%% §%t%§%%§heﬁm§§§% Btha845_33
1520 3.8 ]3;:]98 95 g@g (g K 95? 6. 421& % q . #305 70 773
362701 Soiriaopogiedinite prempbinyenamSrbIReiaesn ob a6t EPL1 4162
75 811 3%naldetrength and hydrogen embrittlement resistance.

[0074]

No. 30 was a sample undergone welding under an unsuitable heat input
condifion, had a low total volume fraction of retained austenite particles and suffered
from high hydrogen embrittlement susceptibility (poor hydrogen embrittlement
resistance). No. 81 was a sample of weld metal baving an excessively high Si
content, had an excessively high tensile strength, and suffered from high hydrogen
embrittlement susceptibility. No. 32 had a low total volume fraction of retained
austenite particles (due to insufficient Si content in the welding material) and
suffered from high hydvogen embrittlement susceptibility.

[0075]

No. 33 was a sample of weld metal having an insufficient Ti content, had a
low number density of retained austenite particles and high hydrogen embrittlement
susceptibility. No. 34 was a sample of weld metal having an excessively high Ti
content and had high hydrogen embrittlement susceptibility due to an excessively
high tensile strength. No. 35 was a sample of weld metal having an insufficient Mn
content, had a low tensile strength and a low total volume fraction of retained
austenite particles (due to an insufficient Al content in the welding material), and
suffered from high hydrogen embrittlement susceptibility.

[oo7el

No. 36 was a sample of weld metal having an insufficient Ni content, had a
low tensile strength and a low total volume fraction of retained austenite particles
(due to an insufficient Zr content in the welding material), and suffered from high
hydrogen embrittlement susceptibility, No. 37 had a low total volume fraction of
retained austenite particles (due to an insufficient Mg content in the welding
material) and suffered fiom high hydrogen embrittlement susceptibility.

[0077]

No. 38 had a low total volume fraction of retained austenite particles (due to
an insufficient metal Si content in the welding material) and suffered from high
hydrogen emhrittlement susceptibility. No. 39 had a low total volume fraction of
retained austenite particles (due to an excessively high SiOs content in the welding
material) and suffered from high hydrogen embrittlement susceptibility.

[oo78]
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3.9 11227 80 818 40 2701 3.5 15617 70 833 41 1520 31 15111 85 768 42
4643 6.9 11650 85 1002 43 1351 3.5 17052 95 995 44 3546 4.7 11481 90
988 45 3630 4.6 11818 90 1151 46 4136 4.8 13591 90 1173 47 929 3.8
3208 95 1058 48 4221 4.8 11818 30 748 49 4305 4.6 12072 80 1032 50
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symbol “<” in Table 8 are of impurity levels (or less than impurity levels),
[oo87]
[Table 8]
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[Measurement of Low-temperature Toughness]

A Charpy impact test specimen (JIS Z 8111 No. 4 test V-notched specimen)
was sampled vertically to the weld line divection from a central part in the thickness
direction of each weld metal prepared for tensile strength measurement, and an
impact energy absorption at -40°C vE-g of the specimen was measured by the
procedure prescribed in JIS Z 2242, A sample having an average of three
measurements of more than 85 J was evaluated as having satisfactory
low-temperature toughness.

[0090]

Results of these measurements (hydrogen embrittlement susceptibility,
tensile strength, number density and volume fraction of retained austenite, number
density of oxide particles, and low-temperature toughness) are indicated in Table 9

as follows.

foooil]

[Table 9]

Retained austenite : Hydrogen
Test | Numberdensity T/ " (nrniigz?.e;;eanssgr& emgriﬁfe?mgnt Tensile strength VE 49
number squ:? m‘uﬁgter) fraction (%) | milimeter) of oxide parficles Susc?os:;blllty (MPa) (J)

bb 4305 4.6 12072 25 815 81
96 4052 4.7 11650 30 789 79
57 2701 5.5 4812 45 810 53
58 4727 5.1 11227 25 815 K]
59 2786 46 6500 25 784 75
60 2533 53 4305 50 912 48
61 4305 h4 11650 10 787 88
62 3546 4.7 12831 25 783 92
63 3799 4.8 11059 25 822 97
64 3377 4.8 11734 35 821 98
65 3377 46 10805 40 826 99
66 2870 5.0 4931 45 816 86
67 4062 5.2 11481 10 803 a8
68 3714 4.9 10637 20 785 103
69 4474 5.5 13338 10 311 100
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2.0%); No. 56 had a Ni content out of the preferred range and had an « value of less
than 3.2 No. 57 had 5i and Ni contents both out of the preferred ranges; and No. 60
had a Si content out of the preferred range (0.10% to 0.5%). Each of these samples
had insufficient low-temperature toughness. Nos. 58 and 59 had an a value as
specified by Expression (1) of less than 3.2 and suffered from insufficient
low-temperature toughness.

[0093]

In contrast, Nos. 61 to 69 had chemical compositions and number density and
total volume fraction of retained austenite particles as suitably controlled, thereby
had high strengths, and exhibited excellent hydrogen embrittlement resistance. In
addition, they had Si and Ni contents within the preferred ranges and had an a
value as specified by Expression (1) of 3.2 or more, and exhibited satisfactory
low-temperature toughness.

[0094]

While the present invention has been described m detail with reference to
preferred embodiments thereof with a certain degree of particulayity, it will be
understood by those skilled in the art that various changes and modifications are
possible without departing from the spirit and scope of the invention.

The present application is based on Japanese Patent Application No.
2011-021153 filed on February 2, 2011 and Japanese Patent Application No.
2011-184117 filed on August 25, 2011, the entire contents of which are incorporated
herein by reference.

Industrial Applicability
[0095]

Weld metals according to embodiments of the present invention are usable m

various welded structures and are applicable to offshore structures.
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v | v cc Wlding material , nunmber I I t 91 91 F13 1,3 CO ci
O H Test Nunmber rio-119 89 69 09 tg 39 9 .frg 29 99 711 og | L69
[ 00881 The prepared weld netals were exam ned on hydrogen
enbrittl ement susceptibility, tensile strength, nunber density and
vol une fraction of retained austenite d nunber density of oxide
particles through neasurenents by éﬁgu%%gcedure of Experi nment al
Exanpl e {Claand]exani ned on | owtenperature toughness through

measurenent b 0089 surenent. of
Low t enper at u%&e‘?e} g%eﬁﬁggasé Eigf&%]%?%yﬁﬂ?%g% %’m%)gfﬁle%?é&?%tﬁn%w formed |
No. 4 tedy gesnbiekhdarsweld IngwSusaompetedresertical ly to the weld
line directiogd &&gb@&&%ﬁr@s@@r Cinh éoﬁ?en% BEGBIRSS oﬂz%?gfﬁq%[‘co%fcen%“h
wel d netal_prepared for tensi strengt’h nmeasurement, and ‘an 1 nmpact
ener gy aEBAOT TR 0 Mo s omiages 0 SOHeiodei e aeeptons ab0REH o Pohe
pr oc edur M@ﬁﬁé&fﬂt@ﬁ%’t ff'(}.%@’e]tgtlﬁ%‘yngé%n aeoﬁtﬁﬁpéffol.m;% fgﬁlmr‘;/@‘l\:eﬁ?@@m%nt
ree neasurengn re.than s _eva ed as havin
sati sf actoiwr? Sqeﬁ/l(’)rﬁ% F}@I’t%&ﬁﬂﬁé@gaolp%@% %@@ﬂm@n@ﬂ%@-a%%m
measur eméxit08s,( hydr ogen enbrittl ement susceptibility, tensile
strengt hmﬂl%tg?%xicgﬁtmi ty and volune fraction of retained aust,enite,
y*o

number densrt OXi de particles, and | owtenperature toughness) are
i ndi cat eovliemeilabl e 9 as follows [0091] [Table 9] Test nunber Retained

austeni t e Numbesw Bl Ve tHPBRoASS il%ﬂ%[glﬁ]m?é{ié,alb? iffied 0x! de

particles Hydrogen e ftlenment” susceptr ensile strength
(MPa) VE-40 (etaingd gpelentenaiticles eremtssentina nymoberalensity ¢f8508 pyr Vol une
fracti ongfdre milliAdtef 3PBofk;6 12072 25 815 81 56 4052 43 11650 30 799

79 57 2701 5.5 4812 45 910 55 58 4727 5.1 11227 25 815 83 59 2786 4.6
6500 25 784 7Hes§tainehavstenitaparggles are present in a total volume fraction of 4.0%

or more based on the total volume of entire structures of the weld metal.
[Claim 2}

The weld metal of claim 1, wherein the weld metal has a Si content of 0.10%
to 0.5% and a Ni content of 1.0% to 2.0% and has an a value as specified by
Expression (1) of 3.2 or more, Expression (1) expressed as follows:

a value=[Mn+[Nil+@x[MoD+16x[Ti-(12x[0)) ®

where [Mn], [Ni], [Mo], [Ti], and [O] are contents (in mass percent) of Mn, Ni,
Mo, Tj, and O, respectively.

[Claim 3] .

The weld metal of one of claims 1 and 2, wherein oxide particles each
containing 20 percent by mass or more of Ti and having an equivalent circle
diameter of 0.15 to 1.0 pim are present in a number density of 5000 per square
millimeter or move,

[Claim 4]

The weld metal of any one of claims 1 to 3, further comprising at least one
element selected from the group consisting of Cr in a content of move than 0% and
less than or equal to 2.0%, V in a content of more than 0% and less than or equal to
0.60%, Nb in a content of more than 0% and less than or equal to 0.15%, and Cuina
content of more than 0% and less than or equal to 1.0%.

[Claim 5]
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912 49 61 4305 5.4 11650 10 787 88 62 3546 4.7 12831 25 793 92 63
3799 4.8 11059 25 822 97 64 3377 4.8 11734 35 821 98 65 3377 4.6
10805 40 826 99 66 2870 5.0 4981 45 816 86 67 4052 5.2 11481 10 803
88 68 3714 4.9 10637 20 785 103 69 4474 55 13338 10 811 100 [0092]
The results ipdicate as,fpllows, ere.nunhers (Nos.).refer to test
numbers gi ven ﬁ“%%ﬁpg%ﬂgﬂyﬁﬁﬂgﬁfﬁgyng%Uﬁ%ﬁﬁgiﬁiC e 2HERSEOPC ¢t he
pr ef er r edlenasrgecledteQforotl2. ¥80p coNsisting ofhdbina ddntexdbf wnte thah 084 attde
preferre 0 ; 5 d_Si
A e S R e i R L
content &avaldp Ot198.pi eferred range (0.10%to 0.5% . Each of these
sanpl es Wagingufficient |owtenperature toughness. Nos. 58 and 59

hhad an a val ug_ as ecified by Expression (1) _ of less than 3.2 and
suf fered fromlrfips metal gf ampipe slsapad b & fghgnermaprisippBon  content |
contrast ,of Moge tHah 0199 a8 1428 thah@irgeal to®TBRe.t i ons and nunber density
and total volune fraction of retained austenite particles as suitably
controlled, thereby had high strengths, and exhi bited excell ent
hydrogen enbittl ement resistance. In addition, they had Si and N
contents within the preferred ranges and had an a val ue as specified
by Expression (1) of 3.2 or nore, and exhibited satisfactory

| owt enper at ure toughness. [00941 Wil e the present invention
has been desciibed in detail with reference to preferred enbodi nents
thereof with a certain degree of particularity, it wll be understood
by those skilled in the art that various changes and nodifications
are possible without departing fromthe spirit and scope of the

i nvention. The present application is based on Japanese Patent
Application No. 2011-021153 filed on February 2, 2011 and Japanese
Pat ent Application No. 2011-184117 filed on August 25, 2011, the
entire contents of which are incorporated. herein by reference.

I ndustrial Applicability [00951 Wl d nmetals according to

enbodi nents of the present invention are usable in various wel ded
structures and are applicable to offshore structures. CLAIMS [Claim

1] A wel d nmetal having excell ent hydrogen enbritdenent
resi stance and forned by gas-shielded arc wel ding using a flux-cored
wre, the weld netal conprising: Cin a content of 0.02%to

0.12% Si in a content of 0.10%to 2.0% WM in a content of 0.90%to
2.5% N in a content of 0.20%to 3.5% M in a content of 0.05%to
1.5% Ti in a content of 0.040%to 0.150% N in a content of nore
than 0% and | ess than or equal to 0.015% and O in a content of
0.030%to 0.10% in nmass percent, wherein: the weld netal further
conprises iron and inevitable inpurities; retained austenite
particles are present in a nunber density of 2500 per square
mllimeter or nore; the retained austenite particles are present in a
total volunme fraction of 4.0% or nore based on the total vol une of
entire structures of the weld netal. [Claim2] The weld netal of
claiml1, wherein the weld netal has a Si content of 0.10%to 0.5% and
a N content of 1.0%to 2.0% and has an a value as specified by
Expression (1) of 3.2 or nore, Expression (1) expressed as follows: a

value=s[ Mni -F[Ni ] +(2x [Md])+(16x [Tip-(12x [T) (1) where [ M1],
[Ni], [Mo], [Ti], and [O] are contents (in mass percent) of M, N,
Mo, Ti, and O, respectively. [Caim 3] The wel d netal of one of

clainms land 2, wherein oxide particles each containing 20 percent by
mass or nore of Ti and having an equivalent circle dianmeter of 0.15
to 1 0O pmare present in a nunber density of 5000 per square
mllimeter or nore. [Cl aim4] The wel d netal of any one of
clainms 1 to 3, further conprising at | east one el enent selected from
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