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ABSTRACT

The present invention relates to a maraging steel containing, in terms of mass%,
0.20<C<0.35,9.0<C0<20.0,1.0< (Mo + W/2)<£2.0, 1.0 £ Cr £4.0, and a certain
amount of Ni, with the balance being Fe and inevitable impurities, in which in a case
where the contents of V and Nb satisfy V + Nb < 0.020 mass%, the amount of Ni is 6.0 <
Ni £ 9.4, and in which in a case where the contents of V and Nb satisfy 0.020 mass% <V +
Nb < 0.60 mass%, the amount of Ni is 6.0 < Ni £16.0.
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MARAGING STEEL

FIELD OF THE INVENTION
[0001]
~ The present invention relates to a maraging steel, and more specifically, it relates
to a maraging steel has high strength and excellent toughness and ductility, and is usable
for engine shafts and the like.

BACKGROUND OF THE INVENTION

[0002]

Maraging steels are carbon-free or low-carbon steels, and are obtained by
subjecting steels containing Ni, Co, Mo, Ti and like elements in high proportions to
solution heat treatment and then to quenching and aging treatment.

Maraging steels have characteristics including (1) good machinability attributable
to formation of soft martensite in a quenched stage, (2) very high strength attributable to
precipitation of intermetallic compounds, such as NisMo, Fe;Mo and Ni;Ti, in martensite
texture through aging treatment, and (3) high toughness and ductility in spite of its high
strength.

Maraging steels have therefore been used as structural materials (e.g. engine
shafts) for spacecraft and aircraft, structural materials for automobiles, materials for high-
pressure vessels, materials for tools, and so on.

[0003]

So far, Maraging steels (e.g., 18Ni maraging steels/Fe-18Ni-9Co-5Mo-0.5Ti-
0.1Al of Grade 250 ksi (1724 MP)) having high strength and excellent toughness and
ductility, have been used for engine shafts of aircraft. However, with the recent demand
of improving air pollution by, for example, tightening control on exhaust gas emission,
enhancement of efficiency has been required of aircraft also. From the viewpoint of
designing engines, there have been increasing demands for high-strength materials capable
of enduring high power, downsizing and weight reduction.

[0004]

As a material having more excellent characteristics than the maraging steels of
Grade 250 ksi, there exists GE1014 (tensile strength: on the order of 2,200 MPa)
developed by General Electric Company (Patent Document 1), but much higher strength
(tensile strength: 2,300 MPa or higher) has been thought to be necessary.

In addition, low-cycle fatigue characteristics are also important, and control of
inclusions becomes important because the starting point of fatigue fracture is governed by
the chemical species and shape of inclusions.

[0005]
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In order to solve this problem, various suggestions have been offered.

For example, Patent Document 2 has disclosed a steel containing 0.18 to 0.30
weight% of C, 5 to 7 weight% of Co, 2 to 5 weight% of Cr, 1 to 2 weight% of Al, 1to 4
weight% of Mo+W/2, at most 0.3 weight% of V, at most 0.1 weight% of Nb, at most 50
ppm of B, 10.5 to 15 weight% of Ni, at most 0.4 weight% of Si, at most 0.4 weight% of
Mn, at most 500 ppm of Ca, at most 500 ppm of rate earth elements, at most 500 ppm of
Ti, at most 200 ppm of O, at most 100 ppm of N, at most 50 ppm of S, at most 1 weight%
of Cu, and at most 200 ppm of P, with the balance being Fe and inevitable impurities.

The material disclosed in the document cited above has a high strength on the
order of 2,300 MPa. However, it has a high Ni content of 10.5 weight% or more and a
low Co content of 7 weight% or less, and hence it still has room for further improvement in
strength. In addition, the material disclosed in the document cited above is an Al-added
steel, and therefore it is conceived that AIN is formed as an inclusion which affects low-
cycle fatigue characteristics and carries a potential for deterioration of low-cycle fatigue
characteristics.

[0006]

Patent Document 3 has disclosed a maraging steel containing 0.10 to 0.30 mass%
of C, 6.0 to 9.4 mass% of Ni, 11.0 to 20.0 mass% of Co, 1.0 to 6.0 mass% of Mo, 2.0 to
6.0 mass% of Cr, 0.5 to 1.3 mass% of Al, and at most 0.1 mass% of Ti, with the balance
being Fe and inevitable impurities, and besides, which satisfies a relational expression
1.0<A value<1.08. ‘

The material disclosed in the document cited above has a high tensile strength on
the order of 2,400 MPa, but it is an Al-added steel as is the case with the material disclosed
in Patent Document 2. Thus it is conceived that AIN is formed as an inclusion which
affects low-cycle fatigue characteristics and carries a potential for deterioration of low-
cycle fatigue characteristics.

[0007]

Further, Patent Document 4 has disclosed an age hardenable martensitic steel
containing 0.21 to 0.34 weight% of C, at most 0.20 weight% of Mn, at most 0.1 weight%
of Si, at most 0.008 weight% of P, at most 0.003 weight% of S, 1.5 to 2.80 weight% of Cr,
0.90 to 1.80 weight% of Mo, 10 to 13 weight% of Ni, 14.0 to 22.0 weight% of Co, at most
0.1 weight% of Al, at most 0.05 weight% of Ti, at most 0.030 weight% of Ce, and at most
0.010 weight% of La, with the balance being Fe.

The material disclosed in the document cited above has a high strength of at least.
2,300 MPa. However, such a material has not undergone addition of Al, and there is no
factor for strength boost resulting from precipitation of a NiAl phase.  Such being the
case, addition of Ni in an amount of 10 weight% or more is not commensurate with various
characteristics attained. Fhrthermore, the material disclosed in the document cited above
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contains Ce and the like for the purpose of inhibiting sulfide formation, on the contrary,
there is a fear that the sulfides of those elements will form a starting point and easily
induce fatigue fracture.

[0008]

Patent Document 1: U.S. Patent No. 5,393,488

Patent Document 2: U.S. A-2008/0193321

Patent Document 3: JP-A-2014-12887

Patent Document 4;: U.S. Patent No. 5,866,066

SUMMARY OF THE INVENTION

[0009]

A problem that the present invention is to solve consists in providing maraging
steels each of which has a tensile strength of 2,300 MPa or higher and excels in toughness,
ductility and fatigue characteristics.

[0010]

The gist of a maraging steel according to the present invention which aims to
solve the above problem consists in consisting of:

as essential components,

0.20 mass% < C < 0.35 mass%,
9.0 mass% < Co < 20.0 mass%,
1.0 mass% < (Mo + W/2) < 2.0 mass%,
1.0 mass% < Cr < 4.0 mass%, and
a certain amount of Ni, and

as optional components,

Al £0.10 mass%,

Ti < 0.10 mass%,

S <£0.0010 mass%,

N <£0.0020 mass%,

V + Nb < 0.60 mass%,

B <£0.0050 mass%,

Si £ 1.0 mass%,

Mg < 0.0030 mass%, and
Ca < 0.0030 mass%,

with the balance being Fe and inevitable impurities,

in which in a first case where the contents of V and Nb satisfy V + Nb < 0.020
mass%, the amount of Ni is:

6.0 mass% < Ni < 9.4 mass%, and
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in which in a second case where the contents of V and Nb satisfy 0.020 mass% <
V + Nb < 0.60 mass%, the amount of Ni is:

6.0 mass% < Ni < 16.0 mass%.

[0011]

The maraging steel preferably has a tensile strength of at least 2,300 MPa at room
temperature (23°C), and preferably has an elongation of at least 8% at room temperature
(23°C).

[0012]

Since the maraging steels according to the present invention is substantially free
of Al and Ti, it can be prevented the reduction in low-cycle fatigue strength, which comes
from formation of AIN and/or TiN.  On the other hand, the maraging steels according to
the present invention cannot get a rise in strength coming from precipitation of a NiAl
phase because of their lack of Al.  However, the content ranges of constituent elements in
the steel are optimized so as to ensure precipitation of carbides (e.g., Mo carbides and Cr
carbides) in appropriate amounts, and thereby it becomes possible to obtain maraging
steels having not only high fatigue characteristics but also high tensile strength and high
elongation.

DETAILED DESCRIPTION OF THE INVENTION

[0013]

Embodiments of the present invention are described below in detail.
[1. Maraging Steel]

[1.1. Primary Constituent Elements]

Each of the maraging steels according to embodiments of the present invention
contains elements in their respective content ranges as mentioned below, with the balance
being Fe and inevitable impurities. Kinds and content ranges of added elements and
reasons for limitations thereon are as follows.

[0014]

(1) 0.20 mass% < C <£0.35 mass%

C has a precipitation strengthening action through the formation of carbides, and
exerts significant control over strength characteristics, The carbides formed herein are Cr
compounds and Mo compounds.  In order to ensure such an effect, the C content is
required to be at least 0.20 mass%. The C content is adjusted preferably to 0.30 mass%
or more.

On the other hand, in the case where the C content is excessively high, rise in
strength becomes excessive to result in significant impairment of toughness and ductility.
Accordingly, the C content is required to be at most 0.35 mass%. The C content is
adjusted preferably to 0.33 mass% or less.
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[0015]

(2.1) 6.0 mass% < Ni < 9.4 mass% (the maraging steel of the first case where V+Nb <
0.020 mass%)

Ni can enhance toughness and ductility through the formation of solid solution in
the matrix. In order to ensure such an effect in the case where the total for V and Nb
contents is 0.020 mass % or less, the Ni content is required to be at least 6.0 mass%. The
Ni content is adjusted preferably to 7.0 mass% or more.

On the other hand, in the case where the Ni content becomes excessive, lowering
of Ms point occurs, and the amount of residual austenite is increased and satisfactory
martensitic structure cannot be formed. Even in the case of containing more than 9.4
mass% of Ni, satisfactory martensitic structure may be achieved by repeatedly performing
a sub-zero treatment. However, such repetition causes an increase in manufacturing cost.
Accordingly, the Ni content is required to be at most 9.4 mass%. The Ni content is
adjusted preferably to 9.0 mass% or less. |

[0016]

(2.2) 6.0 mass% <Ni < 16.0 mass% (the maraging steel of the second case where 0.020
mass% < V+Nb < 0.60 mass%)

In the other case where the total for V and Nb contents is more than 0.020 mass%,
the Ni content is required to be at least 6.0 mass% for the purpose of producing the effect
mentioned above. The Ni content is adjusted preferably to 7.0 mass% or more.

In the case where the total content of V and Nb is more than 0.020 mass%,
strength enhancement becomes possible through the pinning effect of V carbide or Nb
carbide. Therefore the Ni content can be adjusted to 16.0 mass% or less. The Ni
content is adjusted preferably to 14.5 mass% or less.

[0017]

(3) 9.0 mass% < Co < 20.0 mass%

If Co is made to remain in a state of solid solution in the matrix, it becomes
possible to reduce the dissolved amounts of carbide-forming elements, such as Cr and Mo,
in martensite, resulting in promotion of M2C-type precipitation. As a result, both tensile
strength and fatigue strength can be enhanced. In order to ensure such effects, the Co
content is required to be at least 9.0 mass%. The Co content is adjusted preferably to 11.5
mass% or more, and far preferably to 13.0 mass% or more. By adjusting the Co content
to fall in such ranges, even in the case where the total for V and Nb contents is 0.020
mass% or less, the maraging steels obtained become superior in not only strength but also
fracture toughness characteristics (e.g. 35 MPavm or higher).

On the other hand, in the case where the Co content is excessively high, the
strength becomes too high, and thereby the ductility becomes significantly low. In
addition, an increase in cost is brought about because Co is expensive. Accordingly, the
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Co content is required to be at most 20.0 mass%. The Co content is adjusted preferably
to 18.0 mass% or less.

[0018]

(4.1) 1.0 mass% < (Mo+W/2) < 2.0 mass% (in the case of using either Mo or W, or both)

W forms a W-containing carbide such as W,C and contributes to enhancement of
matrix strength as is the case with the Mo-containing carbide mentioned above.
Accordingly, part or all of Mo can be replaced with W. However, the strength
enhancement effect produced by addition of W is about 1/2, on a mass% basis, that
produced by addition of Mo.  Thus the total for Mo and W contents is required to be 1.0
mass% or more in terms of (Mo+W/2).

On the other hand, in the case where the Mo and W contents are excessively high,
it becomes necessary to perform heat treatment at higher temperatures in order that
carbides, such as Mo,C and W,C, precipitating out under solidification can be converted
into solid solution, thereby resulting in excessive increase in prior austenite grain size.
Consequently, the optimum temperature range for inhibiting coarsening of prior austenite
grain size and dissolving the carbides becomes narrow. The decreasing of elongation is
due to coarsening of prior austenite grain size and carbides which remain after solution
treatment. Accordingly, the total for Mo and W contents is required to be at most 2.0
mass% in terms of (Mo + W/2). The total for Mo and W contents is adjusted preferably
to 1.8 mass% or less, and far preferably to 1.6 mass% or less, in terms of (Mo+W/2).

Incidentally, in the case where both Mo and W are included, M020.40 mass% is
appropriate for a reason that it allows the securing of an increment in matrix strength by
precipitation of intermetallic compounds such as NizMo,

[0019]

(4.2) 1.0 mass% < Mo < 2.0 mass% (in the case of using Mo by itself)

Mo contributes to enhancement of strength characteristics through the formation
of carbides. In the case of using Mo by itself, the Mo content is required to be at least 1.0
mass% in order to ensure such an effect.

On the other hand, in case that Mo content is excessively high, the solvus
treatment of precipitated carbide becomes higher. Therefore the heat treatment becomes
difficult in terms of inhibiting coarsening of prior austenite grain size and dissolving the
carbides. In addition, the diffusion of Mo is slow, thereby incurring serious embrittlement
due to remaining segregation. In the case where the Mo content is higher than 2.0
mass%, embrittlement arising from segregation is aggravated. Therefore the Mo content
is required to be at most 2.0 mass%. The Mo content is adjusted preferably to 1.8 mass%
or less.

[0020]

(4.3) 2.0 mass% < W < 4.0 mass% (in the case of using W by itself)
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For the same reasons as in the case of Mo, the appropriate W content in the case
of using W by itself is 2.0 mass% or more.

In addition, for the same reasons as in the case of Mo, the appropriate W content
is 4.0 mass% or less, and preferably 3.6 mass% or less.

[0021]

(5) 1.0 mass% < Cr < 4.0 mass%

Cr also contributes to, as is the case with Mo, enhancement of strength
characteristics through the formation of carbides, In order to ensure such an effect, the Cr
content is required to be at least 1.0 mass%. The Cr content is adjusted preferably to 2.0
mass% or more.

On the other hand, in the case where the Cr content is excessively high, ductility is
improved, but tensile strength is reduced, which makes it impossible to achieve high
strength as a feature of maraging steels.  Accordingly, the Cr content is required to be at
most 4.0 mass%. The Cr content is adjusted preferably to 3.5 mass% or less.

[0022]

(6) Al<0.10 mass% (0 mass% < Al <0.10 mass%)

Al forms NiAl as an intermetallic compound and contributes to enhancement of
strength, but it forms AIN. In the case where AIN is present, fatigue property becomes
bad due to stress concentration around AIN.  Accordingly, the Al content is required to be
at most 0.10 mass%. The Al content is adjusted preferably to 0.050 mass% or less. The
Al content may be zero (Al = 0 mass%).

[0023]

(7) Ti<0.10 mass% (0 mass% < Ti < 0.10 mass%)

Ti also contributes to, as is the case with Al, enhancement of strength through the
formation of intermetallic compounds, but it forms TiN. In the case where TiN is present,
fatigue property becomes bad due to stress concentration around TiN. ~ Accordingly, the Ti
content is required to be at most 0.10 mass%. And the Ti content is adjusted preferably to
0.010 mass% or less. The Ti content may be zero (Ti = 0 mass%).

[0024]

(8) S <0.0010 mass% (0 mass% < S < 0.0010 mass%s)

S is an impurity, and coarse grain sulfides are formed if the S content is high.
Formation of sulfides not only leads to deterioration in fatigue characteristics but also
brings about reduction in tensile strength.  Accordingly, the S content is required to be at
most 0.0010 mass%. The S content may be zero (S = 0 mass%).

[0025]

(9) N <0.0020 mass% (0 mass% <N < 0.0020 mass%)

N is an impurity, and in the case of a high N content, AIN and TiN are formed

even when the Al or Ti content is reduced. Formation of nitrides leads to deterioration in
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fatigue characteristics. Accordingly, the N content is required to be at most 0.0020
mass%. The N content may be zero (N = 0 mass%).

[0026]

[1.2. Secondary Constituent Elements]

In addition to the primary constituent elements mentioned above, each of the
maraging steels according to embodiments of the present invention can further contain
elements as mentioned below. Kinds and content ranges of added elements and reasons
for limitations thereon are as follows.

[0027]

(10) 'V and Nb: V + Nb < 0.60 mass% (0 mass% <V + Nb < 0.60 mass%)
(10.1)  0.020 mass% < V+Nb < 0.60 mass% (the maraging steel of the second case where
0.020 mass% < V+Nb < 0.60 mass%)

In the present invention, even in the case where the total for V and Nb contents is
0.020 mass% or less, sufficient tensile strength and fatigue strength can be secured.
However, by incorporation of specified amounts of V and/or Nb, M2C type carbides are
formed, and they not only contribute to enhancement of tensile strength but also conduce
to improvement in hydrogen embrittlement characteristics. Moreover, incorporation of V
and/or Nb produces the effect of fining crystal grains through the pinning effect of the
M2C type carbides. In order to ensure these effects, it is appropriate that the total for V
and Nb contents be higher than 0.020 mass%.

On the other hand, in the case where the total for V and Nb contents is excessively
high, the total amount of Mo and Cr carbides formed is reduced, and thereby the tensile
strength is lowered. Accordingly, it is appropriate that the total for V and Nb contents be
0.60 mass% or less.

[0028]

(10.2) 0.10 mass% <V <£0.60 mass%

In the present invention, even in the case where the V content is 0.020 mass% or
less, sufficient tensile strength and fatigue strength can be secured. However, by
incorporation of V in a specified amount or more, M2C type carbide is formed, and it not
only contributes to enhancement of tensile strength but also conduces to improvement in
hydrogen embrittlement characteristics. ~Further, incorporation of V produces the effect of
fining crystal grains through the pinning effect of M2C type carbide. In addition,
incorporation of V ensures excellent fracture toughness characteristics. In order to ensure
these effects, it is appropriate that the V content be 0.10 mass% or more.

On the other hand, in the case where the V content is excessively high, the total
amount of Mo and Cr carbides formed is reduced, and thereby the tensile strength is
lowered. Accordingly, it is appropriate that the V content be 0.60 mass% or less.

[0029]
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(10.3) 0.10 mass% < Nb < 0.60 mass%

As with V, even in the case where the Nb content is 0.020 mass% or less,
sufficient tensile strength and fatigue strength can be secured. However, by incorporation
of Nb in a specified amount or more, M2C type carbide is formed and it not only
contributes to enhancement of tensile strength but also conduces to improvement in
hydrogen embrittlement characteristics. Further, incorporation of Nb produces the effect
of fining crystal grains through the pinning effect of M2C type carbide. In addition,
incorporation of Nb ensures excellent fracture toughness characteristics. In order to
ensure these effects, it is appropriate that the Nb content be 0.10 mass% or more.

On the other hand, in the case where the Nb content is excessively high, the total
amount of Mo and Cr carbides formed is reduced, and thereby the tensile strength is
lowered. Accordingly, it is appropriate that the Nb content be 0.60 mass% or less.

[0030]

(11) 0 mass% < B < 0.0050 mass% (0.0010 mass% < B < 0.0050 mass%)

B may be added because it is an element effective in improving hot workability of
steel. In addition, incorporation of B conduces to improvement in toughness and
ductility. This is because B brings about segregation within the grain boundary and
inhibits segregation of Si and Mn within the grain boundary. The B content may be zero
(B = 0 mass%), but in order to ensure these effects, it is appropriate that the B content be
adjusted to 0.001 mass% or more.

On the other hand, in the case where the B content is excessively high, B
combines with N to form BN and degrades toughness and ductility. Accordingly, it is
appropriate that the B content be at most 0.0050 mass%.

[0031]

(12) 0 mass% < Si < 1.0 mass% (0.30 mass% < Si < 1.0 mass%)

Si acts as a deoxidizing agent during melting process, and lessens oxygen
included as an impurity. In addition, Si contributes to enhancement of tensile strength
through the solid solution strengthening. The Si content may be zero (Si = 0 mass%), but
in order to ensure these effects, it is appropriate that the Si content be 0.3 mass% or more.

On the other hand, too high Si content not only brings about lowering of hot
workability to result in aggravation of fracture in the forging process but also makes the
strength excessively high to result in lowering of toughness and ductility. Accordingly, it
is appropriate that the Si content be at most 1.0 mass%.

[0032]

(13) Mg <0.0030 mass% (0 mass% < Mg < 0.0030 mass%)
(14) Ca<0.0030 mass% (0 mass% < Ca < 0.0030 mass%o)

Mg and Ca are both elements effective in improving hot workability, and hence

they may be added. Either Mg or Ca, or both may be added.
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However, excessive addition of these elements degrades the cleanliness of steel
through the formation of their oxides to result in lowering of fatigue strength.
Accordingly, it is appropriate that the contents of these elements be independently adjusted
to at most 0.0030 mass%.

[0033]

[1.3. Inclusions]

By optimizing constituent elements and manufacturing conditions, it becomes
possible to obtain maraging steels which are free of AIN and TiN inclusions measuring ¢5
pm or larger in maximum diameter.

Herein, the expression of “free of AIN and TiN inclusions measuring ¢5 pm or
larger in maximum diameter” means that when 5 g of a test specimen is dissolved
chemically and filtered through a filter having a pore size of ¢5 pm, neither AIN nor TiN is
left on the filter.

[0034]

[1.4. Characteristics]

By optimizing constituent elements and manufacturing conditions, it becomes
possible to obtain maraging steels each of which has a tensile strength of at least 2,300
MPa at room temperature (23°C) and an elongation of at least 8% at room temperature
(23°C).

[0035]

[1.5. Uses] '

The maraging steels according to the present invention can be used for various
applications. For example, the maraging steels according to the present invention are
suitable as engine shafts of aircraft in particular.

[0036]

[2. Manufacturing Method for Maraging Steel]

A manufacturing method for maraging steels according to the present invention
contains a melting step, a re-melting step, a homogenizing step, a forging step, a solution
heat treatment step, a sub-zero treatment step and an aging treatment step.

[0037]

[2.1. Melting Step]

The melting step is a step of melting and casting a raw material prepared by
mixing constituent elements in respectively-specified content ranges. The raw material to
be used has no particular restrictions as to its background and conditions for melting and
casting thereof, and it can be selected from those best suited for intended purposes. For
the obtainment of maraging steels exceling in strength and fatigue resistance in particular,
cleanliness enhancement of the steels is favorable. For achievement of such a purpose, it

10
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is appropriate that the melting of a raw material be carried out under vacuum (e.g. bya
method of using a vacuum induction melting furnace).

[0038]

[2.2. Re-melting Step]

The re-melting step is a step in which the ingot obtained in the melting step is
subjected to melting and casting once again.  This step is not necessarily required, but
steel’s cleanliness can be further enhanced by carrying out re-melting, and thereby the
fatigue resistance of steel is improved. For achievement of such effects, it is appropriate
that the re-melting be carried out under vacuum (e.g. according to a vacuum arc re-melting
method), and besides, it be repeated several times.

[0039]

[2.3. Homogenizing Step]

The homogenizing step is a step of heating the ingot obtained in the melting step
or the re-melting step at a specified temperature. The heat treatment for homogenization
is carried out for the purpose of removing segregation having occurred during the casting.
Heat treatment conditions for homogenization are not particularly limited, and any
conditions will do, as long as they allow elimination of solidifying segregation. ~As to the
heat treatment conditions for homogenization, the heating temperature is generally from
1,150°C to 1,350°C, and the heating time is generally at least 10 hours. The ingot after
the heat treatment for homogenization is generally air-cooled or sent off to the next step as
it is in a red hot state.

[0040]

[2.4. Forging Step]

The forging step is a step in which the ingot after the heat treatment for
homogenization is forged into a predetermined shape. The forging is generally carried
out in a hot state.  As to the hot forging conditions, the heating temperature is generally
from 900°C to 1,350°C, the heating time is generally at least one hour and the termination
temperature is generally 800°C or higher. The method for cooling after hot forging has
no particular restrictions. The hot forging may be carried out at a time, or it may be
divided into 4 to § steps and performed in succession.

After the forging, annealing is done as required. ~ As to the annealing conditions
in ordinary cases, the heating temperature is from 550°C to 950°C, the heating time is from
1 hour to 36 hours, and the cooling method is air cooling.

[0041]

[2.5. Solution Heat Treatment Step)

The solution heat treatment step is a step of heating the steel worked into the
predetermined shape at a specified temperature.  This step is carried out for the purpose of
transforming the matrix into the y-phase alone, and besides dissolving precipitated carbides

11



10

15

20

25

30

35

CA 02930161 2016-05-16

such as Mo carbides. For the solution heat treatment, optimum conditions are selected in
response to the steel composition. As to the conditions for solution heat treatment in
ordinary cases, the heating temperature is from 800°C to 1,200°C, the heating time is from
1 hour to 10 hours and the cooling method is air cooling (AC), blast cooling (BC), water
cooling (WC) or oil cooling (OC).

[0042]

[2.6. Sub-Zero Treatment])

The sub-zero treatment is a step for cooling the steel after having received the
solution heat treatment to room temperature (23°C) or lower.  This treatment is carried
out for the purpose of transforming the remaining y-phase into the martensite phase.
Maraging steels are low in Ms point, and hence a great quantity of y-phase usually remains
at the time of cooling the steels to room temperature (23°C). Even if maraging steels are
subjected to aging treatment as a great quantity of y-phase remains therein, there will be no
expectation of significant increase in strength. Thus it becomes necessary to transform
the remaining y-phase into the martensite phase by performing the sub-zero treatment after
the solution heat treatment.  As to conditions for the sub-zero treatment in ordinary cases,
the cooling temperature is from -197°C to -73°C and the cooling time is from 1 hour to 10
hours.

[0043]

[2.7. Aging Treatment]

The aging treatment is a step for subjecting the steel having been transformed into
the martensite phase to heating at a specified temperature. This treatment is carried out
for the purpose of precipitating carbides such as Mo,C.  For the aging treatment, optimum
conditions are selected according to the steel composition. As to the conditions for aging
treatment in ordinary cases, the aging treatment temperature is from 400°C to 600°C, the
aging treatment time is from 0.5 hour to 24 hours and the cooling method is air cooling.

[0044]

[3. Action]

Since the maraging steels according to the present invention is substantially free
of Al and Ti, it can be prevented the reduction in low-cycle fatigue strength, which comes
from formation of AIN and/or TiN. On the other hand, the maraging steels according to
the present invention cannot get a rise in strength coming from precipitation of a NiAl
phase because of their lack of Al.  However, the content ranges of constituent elements in
the steel are optimized so as to ensure precipitation of carbides (e.g., Mo carbides and Cr
carbides) in appropriate amounts, and thereby it becomes possible to obtain maraging
steels having not only high fatigue characteristics but also high tensile strength and high

elongation,
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EXAMPLES

[0045]

(Examples 1 to 28 and Comparative Examples 1 to 20)
[1. Preparation of Test Specimens]

Each of alloys having the compositions shown in Table 1 and Table 2 were melted
with vacuum induction melting furnace (VIF) and cast into 50 kg of steel ingot. Each of
the thus obtained VIF steel ingots was subjected to homogenization treatment under the
condition of 1,200°Cx20 hours. After the treatment, part of each steel ingot was forged
into square bars measuring 70 mm per side for use as fracture toughness test specimens
and the remainder was forged into round bars measuring ¢22 for use as other test
specimens.  After the forging, all the test specimens were subjected to annealing treatment
under the condition of 650°Cx16 hours for the purpose of softening them.

Then, solution conversion treatment under conditions of 930°Cx1 hour/air
cooling, sub-zero treatment under conditions of -100°Cx1 hour and aging treatment under
conditions of 450°Cx9 hours were carried out in sequence.

By the way, where B contents shown in Table 1 and Table 2 are concerned, the
expression of “<0.001” means that the B content is less than the detection limit.
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[0048]

{2. Testing Methods]
[2.1, Hardness]

Hardness measurements were made in accordance with the Vickers hardness
testing method defined in JIS Z 2244:2009. The measurements were carried out under a
load of 4.9N at positions of one-fourth the diameter of a $22 round bar. The average of
values measured at 5 points was adopted as hardness.

[0049]

[2.2. Tensile Testing]

Tensile testing was carried out in accordance with the metal tensile testing method
defined in JIS Z 2241:2011.  The testing temperature adopted herein was room
temperature (23°C).

[0050]

[2.3. Low-cycle Fatigue (LCF) Testing]

Materials for test specimens were taken so that the length directions of test
specimens were parallel to the directions of extension during the forging of the materials,
and therefrom test specimens were made according to JIS law (JIS Z 2242:2005). By the
use of these test specimens, the testing was carried out. The temperature during the
testing was set at 200°C. In addition, a triangular form was chosen as the skew
waveform, and the frequency setting was adjusted to 0.1 Hz and the distortion setting was
adjusted to 0.9%.

[0051]

[2.4. Chemical Extraction Testing]

Two or more test specimens each measuring 15 mm by 15 mm by 0.1 mm
(thickness) were taken, and accretion on their surfaces was removed by pickling. The
resulting test specimens (5 g in total) were dissolved chemically in bromine methanol, and
filtered through an extraction filter having a pore size of $5 pm. The extraction residue
was observed under SEM (Scanning Electron Microscope), and examined for inclusions in
the test specimens. In order to identify the inclusions, EDX analysis was conducted.

Cases where AIN or TiN residues greater than 5 um in maximum diameter were
left on the filter were assessed as fail, while cases where neither AIN nor TiN residues
greater than 5 pm in maximum diameter were left on the filter were assessed as pass.

[2.5. Fracture Toughness Testing]

Materials for test specimens were taken so that the notch directions of test
specimens were parallel to the directions of extension during the forging of the materials,
and therefrom compact tension (CT) test specimens were made according to ASTM law
(ASTM E399). By the use of these test specimens, the testing was conducted and values
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of fracture toughness K;c were determined. As the testing temperature, room temperature
(23°C) was chosen.

[0052]
[3. Results]

Results obtained are shown in Table 3 and Table 4. The following can be seen
from Table 3 and Table 4. (1) In the case where C contents are low, precipitation
strengthening attributed to carbides cannot be obtained to a sufficient degree, and thus,
sufficient strength cannot be attained. On the other hand, in the case where C contents are
excessively high, strength becomes too high, and there occurs serious reduction in
ductility. (2) As to Si, incorporation thereof contributes to improvement in strength, but
in the case where Si contents become too high, there occurs serious reduction in ductility.

[0053]

(3) In the case where S, Al and Ti contents are excessively high, sulfides and
nitrides of these elements are formed to result in serious reduction in low-cycle fatigue life.
Accordingly, S, Al and Ti contents are required to be adjusted to 0.0010 mass% or less,
0.10 mass% or less and 0.10 mass% or less, respectively.

(4) In the case where Ni contents are low, sufficient ductility cannot be achieved.
On the other hand, too high Ni contents make it impossible to achieve sufficient strength.

[0054]

(5) Mo and Cr are elements which form carbides, and their low contents make it
impossible to achieve sufficient strength. On the other hand, too high Mo contents not
only result in excess precipitation of its carbides but also cause segregation to remain.
Thus, there occurs serious reduction in ductility (elongation). As to Cr, too high Cr
contents make it impossible to achieve sufficient strength.

(6) As to Co, low Co contents fail in precipitation of a sufficient amount of
carbides to result in lack of strength. On the other hand, excess addition of Co brings
about insufficient ductility (elongation), and besides, it causes a rise in production costs
because the use of expensive Co alloys becomes necessary. However, by adjusting the Co
content to 11.0 mass% or more, it becomes possible to achieve high fracture toughness
value as well as high strength, high elongation and high fatigue resistance.

[0055]

(7) B may be added for the purpose of improving hot workability, but excess
addition thereof causes degradation in ductility.

(8) As to V and Nb, as long as they are each incorporated in a range of 0.3 mass%
or less, they contribute to increase in strength with increase in their contents. However, in
the case where their addition amounts become excess, there occurs serious reduction in

strength.
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[0058]

(Examples 51 to 80 and Comparative Examples 51 to 69)
[1. Preparation of Test Specimens and Testing Methods]

Test specimens were made in the same manners as in Example 1, except that
alloys having the compositions shown in Tables 5 to 7 were used and the aging treatment
was performed under conditions mentioned below. On the test specimens thus made,
evaluations of their characteristics were performed according to the same methods as in
Example 1. The conditions for the aging treatment were (a) 450°Cx9 hours in Examples
58 and 59 and Comparative Example 55, while they are (b) 450°CxS5 hours in Examples 51
to 57 and 60 to 80 and Comparative Examples 51 to 54 and 56 to 59.
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[0062]

[2. Results]
Testing results are shown in Tables 8 to 10. In the cases where 0.020 mass% <

V+Nb £ 0.60 mass%, it can be seen from Tables 8 to 10 that Examples with Co > 11.5
mass% are superior in not only tensile strength but also fracture toughness (35 MPavm or

higher) to Example 66 with Co = 9.5 mass%.
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[0066]

While embodiments of the present invention have been described above in detail,
the present invention should not be construed as being limited to the above embodiments in
any way, and it will be apparent that various changes and modifications can be made

~ 5  without departing from the spirit and scope of the invention. |

10 INDUSTRIAL APPLICABILITY

[0067]

Because the maraging steels according to the present invention have very high
tensile strengths of 2,300 MPa or higher, it is possible to use them as members of which
high strength is required, such as structural materials for spacecraft and aircraft, parts for

15  continuously variable transmission of automobile engines, materials for high-pressure
vessels, materials for tools, and molds.

More specifically, the maraging steels according to the present invention can be
used for engine shafts of aircraft, motor cases of solid rockets, lifting apparatus of aircraft,
engine valve springs, heavy-duty bolts, transmission shafts, high-pressure vessels for

20  petrochemical industry, and so on.
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We Claim:

1. A maraging steel consisting of:

as essential components,
0.20 mass% < C £0.35 mass%,
9.0 mass% < Co < 20.0 mass%,
1.0 mass% < (Mo + W/2) < 2.0 mass%,
1.0 mass% < Cr < 4.0 mass%, and
6.0 mass% < Ni < 9.4 mass%, and

as optional components,
Al £0.10 mass%,
Ti < 0.10 mass%,
S <£0.0010 mass%o,
N < 0.0020 mass%o,
V + Nb < 0.020 mass%,
B < 0.0050 mass%, and
Si < 1.0 mass%,

with the balance being Fe and inevitable impurities.

2. A maraging steel consisting of:

as essential components,
0.20 mass% < C £0.35 mass%,
9.0 mass% < Co <£20.0 mass%o,
1.0 mass% < (Mo + W/2) £ 2.0 mass%,
1.0 mass% < Cr £ 4.0 mass%,
0.020 mass% <V + Nb < 0.60 mass%, and
6.0 mass% < Ni £ 16.0 mass%, and
as optional components,
Al £0.10 mass%o,
Ti < 0.10 mass%,
S < 0.0010 mass%a,
N < 0.0020 mass%,
B <0.0050 mass%,
Si < 1.0 mass%,
Mg < 0.0030 mass%, and
Ca <0.0030 mass%,
with the balance being Fe and inevitable impurities.
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3. The maraging steel according to Claim 2, wherein the content of V satisfies:
0.10 mass% < V < 0.60 mass%.

4. The maraging steel according to Claim 2 or Claim 3, wherein the content of Nb
satisfies:
0.10 mass% < Nb < 0.60 mass%.

5. The maraging steel according to any one of Claims 1 to 4, having a tensile
strength of at least 2,300 MPa at room temperature (23°C).

6. The maraging steel according to any one of Claims 1 to 5, having an elongation of
at least 8% at room temperature (23°C).

7. The maraging steel according to any one of Claims 1 to 6, which is free of AIN
and TiN inclusions measuring @5 pm or larger in maximum diameter.

8.  The maraging steel according to any one of Claims 1 to 7, wherein the content of
B satisfies:
0.0010 mass% < B < 0.0050 mass%.

9. The maraging steel according to any one of Claims 1 to 8, wherein the content of
Si satisfies:

0.30 mass% < Si < 1.0 mass%o.

10. The maraging steel according to any one of Claims 1 to 9, used as an engine shaft
of an aircraft. '
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