Office de la Proprieté
Intellectuelle
du Canada

Un organisme
d'Industrie Canada

Canadian
Intellectual Property
Office

An agency of
Industry Canada

CA 2541319 C 2010/04/20

(11)(21) 2 541 319

(12 BREVET CANADIEN
CANADIAN PATENT
13) C

(86) Date de déepot PCT/PCT Filing Date: 2004/04/30

(87) Date publication PCT/PCT Publication Date: 2005/04/21
(45) Date de délivrance/lssue Date: 2010/04/20

(85) Entree phase nationale/National Entry: 2006/04/03

(86) N° demande PCT/PCT Application No.: JP 2004/006287
(87) N° publication PCT/PCT Publication No.: 2005/035798

51) Cl.Int./Int.Cl. C27C 7706 (2006.01)

(72) Inventeurs/Inventors:
HARA, KENICHIRO, JD;
TAKAO, HIDEMI, JP
IVIISHIIVIA SETSUO JP
FUJITA, ETSUO, JP

(73) Proprietaire/Owner:

HITACHI M

=TALS, LTD., JP

(30) Priornte/Priority: 2003/10/08 (JP2003-349559)

(74) Agent: GOWLING LAFLEUR HENDERSON LLP

(54) Titre : PROCEDE DE PRODUCTION DE LINGOTS D'ACIER

(54) Title: METHOD OF PRODUCING STEEL INGOT
1.0E+09 l — e E
. o INVENTIONSTEEL
! x COMPARATIVE STEEL|
o o i
~  1.0E+08 ' -
L :
o ! FRACTURE DUE TO NITRIDE
5 N
T :
©  1.0E+07 S
- |
= : \
' FRACTURE DUE TO OXIDE
1 OE’*'OG L ; - | 1 z i Lo
O 5 10 15 20 25 30 35 40 45 50
MAXIMUMLENGTH OF INCLUSION AS STARTING SPOT { wm)
(57) Abréegée/Abstract:

A method for producing a steel ingot, which comprises an Mg oxide forming step of preparing a molten steel containing Mg in an
amount sufficient for the molten steel to have an oxide composition having MgO as a primary component and a dissociation step of
Keeping the pressure of the atmosphere around the molten steel to be lower than that in saild Mg oxide forming step, to thereby
dissocliate MgO to Mg and oxygen and reduce the content of Mg In the steel to 50 % or less of that in the Mg oxide forming step
through the diffusion thereof into a gas phase; and a preferred method further comprising a solidifying step, which comprises an
Mg oxide forming step of preparing a first molten steel containing Mg in an amount sufficient for the molten steel to have an oxide
composition having MgO as a primary component, a step of solidifying the molten steel, and a dissociation step of melting the
resultant solid again under a pressure of an atmosphere lower than that in the case of the first molten steel, to thereby dissociate
MgO to Mg and oxygen and reduce the content of Mg In the steel to 50 % or less of that in the above solid before re-melting
through the diffusion thereof into a gas phase.
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ABSTRACT

A method for producing a steel 1ngot, which

#

comprises an Mg oxide forming step of preparing a

molten steel containing Mg 1n an amount sufficient for

the molten steel to have an oxide composition

MgO as a primary component and a dissoclation

ﬁ

keeping the pressure o0f the atmosphere around

molten steel to be lower than that 1n said Mg

forming step, to thereby dissociate MgO to Mg

ﬁ

having

step ot
the
oxlde

and

oxygen and reduce the content of Mg i1n the steel to 503

pr—-

or less of that i1in the Mg oxlde forming step through

ﬁ

the diffusion thereof 1nto a gas phase; and a preferred

method further comprising a solidifying step,

which

comprises an Mg oxide forming step of preparing a first

-

molten steel contalining Mg i1n an amount su:

ficient for

the molten steel to have an oxide composition having

F

MgO as a primary component, a step of solidifying the

molten steel, and a dissociation step of melting the

resultant solid again under a pressure of an atmosphere

lower than that in the case of the first molten steel,

to thereby dissociate MgO to Mg and oxygen and reduce

P

the content of Mg i1in the steel to 50% or less

of that

1n the above solid before re-melting through the

diffusion thereof i1into a gas phase.



P T

CA 02541319 2009-08-11

1

DESCRIPTION

METHOD OF PRODUCING STEEL INGOT

TECHNICAL FIELD

The present 1nvention relates to a method for
producing a steel ingot consisting of a metal material
containing Fe as a primary component (i.e. Fe is of a

5 maximum content component of the metal material.), and
more particularly to a method for producing a steel
ingot, by which non-metallic inclusions (herein below

merely referred to as inclusions) can be very finely

controlled.

10 BACKGROUND ART

Inclusions present in steel have an influence
on various mechanical properties. For example, in the
case where a steel sheet 1s blanked or punched out by

press working or cut, there has been a technigue of

15 causing inclusions to finely disperse in order to
lmprove blanking and cutting properties by means of the
inclusions serving as initiation points of fracture.

On the other hand, it has been known also

that the inclusions in steel adversely affect

20 mechanical properties of the steel depending on

chemical compositions, shapes and/or sizes thereof.
With regard to a steel material which is required to

have good fatigue strength, for example, there is a
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o
-

problem of fracture due to 1nclusions as an initiation

point 1s problematic 1n use in which fatigue

f‘

strength

1s required. A size of inclusions has a great

V)

influence on such fatigue fracture, and control of the

inclusilions present an important problem.

F

As a method of controlling inclusions in

higher grade materials used for special applications

such as automobile components, tool steel, structural

steel, etc., two melting steps have been commonly

performed, which consist of, for example, a first step

P

of melting in an arc furnace (herein below referred to

as AF) or vacuum 1nductlon melting (herein below

F

referred to as VIM), and a second step of electroslag

remelting (herein below referred to as ESR) or vacuum

arc remelting (herein below referred to as VAR).

Steel produced through such two melting steps

P

with use of VAR or ESR has an advantage that it is

homogeneous (less component segregation) and contains a

small amount of inclusions.

Maraging steel 1s a typical steel which is

F
pa—

strictly required to overcome the problem o:

fracture due to inclusions.

atligue

Since the maraging steel has high toughness

and high strength, it is used for structural members,

on which a reiterative stress is exerted, and

—

INORS

important members which are required to have a high

fatigue strength. However, it has been widely known

that when a large-sized non-metallic inclusions are
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—t

fracture 1s liable

contained in such a member, fatigue

tOo occur because the inclusions serve as initiation

points of fracture. Thus, it is needed to finely

disperse the non-metallic inclusions especially in

order to prevent occurrence of high-cycle fatigue

fracture.

In order to overcome the inclusion problem,

r—

there have been proposed various ideas of making

inclusions fine. Such proposals can be seen from, for

example, JP-A-11-293407 and JP-A-2003-183765 which were

filed by the present applicant.

4

DISCLOSURE OF THE INVENTION

In order to make inclusions in a steel ingot

fine, conventionally it has been tried to decrease

amounts of 1nclusion forming elements such as oxygen,

ﬁ

nitrogen, etc., or to adjust parameters of remelting

conditions.

However, there 1s a limitation in reduction

1n oxygen and nitrogen due to restrictions by the

component standard specifications, that is, that

o— o

restriction of an addition of deoxidizing elements such

as C, AL, etc., which is established by the component

-

standard specifications, and in modification of

parameters, such as controlling a melting rate, a

F #
p—

degree of vacuum of an atmosphere, etc., which are

I}

directly related to a volume of production, in terms of

mass-productiveness. Therefore, a new technique of
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making inclusions fine, which method 1s actually suited

to a mass production step, has been desired earnestly.

It 1s an opject of the invention to provide a

method for producing a steel ingot, by which method

inclusions can be made significantly fine as compared

with the prior art.

The present inventors have found that it is

possible to obtain a steel ingot containing fine

inclusions by the steps of providing Mg in molten steel

Lo form oxides a primary component of which is MgO, and

exposing the molten steel to higher wvacuum, whereby

promoting a dissociation reaction of the oxides

ﬁ

consisting primarily of MgO at the surface of the

molten steel.

Thus, the 1nvention is directed to a method

for produclng a steel ingot, which comprises the steps

OL:<

1)

forming a magnesium oxide, in which molten

steel 1s adjusted to contain a sufficient amount of Mg

to make oxides admixed 1in the molten steel so as to

have a chemical composition a primary component of
which 1s MgO; and

dissoclatlng the magnesium oxide contained in
the molten metal into Mg and oxygen by making a degree

[ P
—

OL vacuum of the melting environment higher than that

fr—

of the former process of forming a magnesium oxide

whereby making a Mg content in the molten steel to be

not more than 50% of that 1n the former process of
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forming a magnesium oxide.

Herein, the terminology of "oxides a primary

F

- which 1s MgO" means those in which MgO is

—

component o
a maximum amount component as compared with the
O remainder oxide components.

Also, the Mg content in the dissociating

process 1s preferably not more than 20%, more

fr—

preferably not more than 10%, of that in the magnesium

oxlde forming process.

10 Also, 1n the invention, it 1is preferable to

cast the molten steel in the magnesium oxide forming

-

F
—

process after adjusting it to contain a sufficient

amount of Mg to make oxides admixed in the molten steel

SO as to have a chemical composition a primary

15 component of which 1s MgO, wherein the magnesium oxide

forming process 1s referred to as "a primary melting

process”, and to subsequently carry out the process of

R—

dissoclating the magnesium oxide by remelting the cast

F

steel under a degree of vacuum higher than that of the

20 primary melting process, whereby dissociating the

magnesium oxlde contained in the molten metal into Mg

and oxygen thereby making a Mg content in the molten

steel to be not more than 50% of that in the primary

melting process.

25 Especially, preferably a steel containing a

—

nitride forming element as a component of an ingot 1s

produced by the method in which the remelting process

1s carried out.
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)

In the 1nvention, preferably, the degree of

vacuum 1n the magnesium oxlide forming step is 6 kPa to

P

o0 kPa and the degree of vacuum in the process of

dissociating the magnesium oxide 1s decreased relative

5> to 0.6 kPa.

Also, it 1s desired in the invention that the

F
—

relationship between an amount of Mg (Mggxr) and an

amount of Al (Algxr) be adjusted in the magnesium oxide

forming step so as to satisfy the following equation:

10 Aloxr (mass ppm) /Mgoxr (mass ppm) = 5 to 100.

Here, 1t 1s possible to carry out the

H

magnesium-oxide forming process and the process of
dissoclating a magnesium-oxide by controlling an
ampient melting atmosphere only relying on the primary

15> melting process while omitting the remelting process.

N

In such a case, an amount of Mg (Mgex:) and an amount o:

Al (Aloxr) 1n the magnesium-oxide forming process

1ndicate, respectively, a Mg content and an Al content

1n samples collected at a point of time immediately

gr—

20 before the degree of vacuum 1s increased to cause the

magnesium-oxide forming process to transit to the

process of dissociating a magnesium-oxide.

Also, 1n the case where the primary melting

N

fected 1n the magnesium oxide forming process and

1s e

—~—

25 remelting is effected in the process of dissociating

—
—

the magnesium oxide, an amount of Mg (Mgexr) indicates a

Mg content 1in a steel ingot cast after the primary

melting.
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In the 1nvention, desirably Mg 1is added into

the molten steel as a Ni-Mg alloy which contains from

P

exclusive zero to not more than 20 mass% of Mg.

Also, 1n the invention,

1ngot contains 0.01 to 6 mass %

or—

OL

-

preferably 1t contains 0.1 to 2 mass

desirably the steel

, and also

F

z of T1.

Specifically, the invention method may be

applied to obtaining, for example, maraging steel, tool

steel such as steel for metal molds,

etcC.

Desirably, the maraging steel consists

L

essentially o:

(oxygen), less than 15 ppm of N

than 0.01% C, 0.3 to 2.0% or less of

—

1.7% of Al, and the balancer of

1mpurities

, by mass, less than 10 ppm of O

(nitrogen), not more

yr—

Ti, 8.0 to 22.0%

of Ni, 5.0 to 20.0% of Co, 2.0 to 9.0% of Mo, 0.01 to

FFe and unavoidable

T’he method for producing a steel ingot,

according to the invention, provides a technology,

which 1s capable of greatly decreasing a magnitude of

non-metallic inclusions through the medium of addition

g

oL Mg and control of a specific pressure reducing step

and very useful to an improvement in mechanical

properties such as toughness and

fatlgue strength, on

T}

which coarse inclusions have adverse atfect, and an

improvement in a surface state with regard to

pr—
=

generation of flaws attributable to inclusions in

mirror finish.

Herein pbelow there wi]

| be provided a
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description of features o

Takling notice o

oxlde forming ability bri
pressure 1n a vacuum, the
application have studied

1n steel. Then the inven

and exposing the oxide to

Mg from a surface of a mo

to dissocilate and lose mo

r—

component of which 1s MgO

decreasing a magnitude of

after solidification.

The reason for

follows.

The oxides a pr

-

MgO are higher 1in oxide

-

primary component of whic

typical inclusion 1n stee

o

amount of a Mg alloy 1s a

oxides a primary componen

diffused in the molten st

When casting is made as i

1nclusions are only chang

component of which i1is MgO

2006-04-03

I the 1nvention.

Ll

f The

fact that Mg having an

ngs apout a high vapor

1nventors of the present

influences of Mg on inclusions

Cors have found that by once

pr—

forming the oxides a primary component of which is MgO

)

a high vacuum, evaporation of

lten steel makes it possible

st of the oxides a primary
, thus enabling greatly

inclusions in a steel ingot

this 1s thought to be as

P

1mary component of which is

forming ability than oxides a

h 1s Al,03 being known to be a
1, and when an appropriate
dded 1nto a molten steel, the

t of which 1s MgO will be

eel to be present therein.

ﬁ

t 1s after addition of Mg,

ed 1nto the oxides a primary

from oxides a primary

component of which is Al,;03, and so any dramatic effect

of making inclusions fine

Hereupon, a pro

1s not obtained.

—

cess of dissociating the
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magnesium oxide, 1n which an atmosphere is smaller in

F

degree of vacuum than a step of forming oxides a

-

primary component of which is MgO, is given. Being

P

exposed to a high vacuum, Mg in a molten steel of a

#

nigh vapor pressure diffuses in a gas phase, so that an

equllibrium state in the molten steel is lost and

—

dissocliation of the oxides a primary component of which

1s MgO proceeds. At this time, the dissociated oxygen

1s combined with Mg, Al, etc. 1in the molten steel to

ﬁ

form oxides a primary component of which is MgO and

oxides a primary component of which is Al,0s; but

"~ fo—
pu— —

diffusion of oxygen depends upon the proceeding of

dissocilation reaction, and so it is believed that rapid

-

growth of an oxide 1s not resulted and solidification

1s brought about with an oxide being fine, thus

enabling forming a steel ingot.

In contrast, with conventional manufacturing

methods, i1nclusions, such as Al,03, which are liable to
agglomerate, are inherently present in a molten steel

and collilides against one another due to movement in the

molten steel to grow gradually into large-sized
inclusions.
According to the invention, inclusions, such

as Al,03, etc., which are liable to agglomarate, are

made to be the oxides a primary component of which is

MgO 1in the magnesium oxide forming process to prevent

agglomeration and growth caused due to collision, and

the oxildes a primary component of which is MgO is
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H)

dissociated into oxygen and Mg gases in the process of

dlissoclating the magnesium oxide so that an oxide in a

steel 1ngot after solidification is made fine.

In the i1nvention, there is a need for

adjustment to a molten steel, in which Mg of a

r
over

sufficient amount to make oxides a primary component o:

T

which 1s MgO a main inclusion is present in a molten

metal.

=

An amount of a Mg alloy being added can be

)

calculated as a sufficient amount to form oxides a

-

primary component of which is MgO in a chemical

equilibrium manner from an amount of an active element

ﬁ

such as Al, etc., an amount of oxygen, and an amount of

I

sulfur (S) in a molten metal.

r—

Simply, for a specific kind of steel, it

sutfices to collect samples after addition of Mg in

repeated experlments and to examine and determine an

amount of Mg being added and the composition of oxides

pr——

1n the samples in a state of solidification.

y—
amnd

Preferably, 1n order to prevent loss of Mg when

additioning, Mg is added in the form of an alloy

h

consisting of Mg and another alloying element (s) of

steel, for example, a Ni-Mg alloy which contains from

P
—

exclusive zero to not more than 20 mass % of Mg.

In the 1invention, a Mg content is made egual

p—

to or less than 50% of that in the magnesium oxide

forming process. This is because the value 1is

determlined as an empirical one, and in the case where
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inclusions 1n a molten steel is made oxides a primary

~ an

component of which 1is MgO after the addition of Mg,

P

—

addition of Mg, an amount of which is twice a target

value or more, can produce a definite e

fect 1n making

1nclusions in a steel ingot solidified after the

process

#

of dissociating the magnesium oxide fine even

pr—v

when a Mg content demanded of a steel ingot 1s in the

plp—

order o:

steel.

ProCcess

T 3 to 5 ppm or less, which has no influence on

In the case where a Mg content, in the

F

of dissociating the magnesium oxide, exceeding

00% of that in the magnesium oxide forming process

—

remalins, dissociation of Mg is insufficient and so the

"

P

erfect,

ﬁ

by dissoclation, of making an oxide fine cannot

N

pe obtained sufficiently. A Mg content is preferably

equal to or less than 20% of a Mg content in the

magnesium oxide forming process, more preferably equal

to or less than 10% thereof.

Mg a

In addition, since introduction of excessive

"ects maln properties, such as mechanical

F

strength, etc., of steel, an amount of Mg is preferably

made necesslty minimum. Also, in the process o:

1

dissociating the magnesium oxide, in which pressure

readuction and remelting are made, the dissociation

reaction 1s hard to proceed in a state, in which Mg

gases 0of a large amount are present in the ambient

atmosphere.

Therefore, desirably, a Mg content in steel,
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for example, 1n a process of forming oxides a primary

component of which 1s MgO 1is around 300 ppm at the

maximum and actually around 10 to 200 ppm.

P

Hereln, the terminology of "a primary

p—

> component of MgO" means such a case that when the

chemical composition of the oxides is analyzed by, for

example, a X-ray analyzer, elements except oxygen are

put to quantitatlive analysis and not less than 30

mass 3 Mg 1s detected.

10 In this case, the analysis can be confirmed

py performing qualitative/quantitative analysis with,

for example, an energy distributed type X-ray analyzer.

Also, 1n examining a ratio of inclusions

mainly composed of MgO, the ratio can be found by

1> extracting inclusions in a sample having a specific

welght and putting them to qualitative/quantitative

analysis with, for example, an energy distributed type

X—ray analyzer.

According to the invention, the method of the

20 1invention can be applied not through steps of primary

B

melting and remelting if an ambient atmosphere of a

R—

molten metal can be flexibly controlled, but it is not

easy to control pressure of an ambient atmosphere and

sO 1t 1s practical to once achieve solidification

2> through a primary melting such as vacuum induction
melting at a low vacuum, or the like and to then

combine the same with remelting such as vacuum arc

remelting (VAR), etc. in the process of dissociating
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oxlde.

Specifically, the vacuum arc remelting (VAR)

1s convenient

1n suppressing growth of other inclusions

F

1n a high vacuum and in a small unit of solidification

1n the process of dissociating the magnesium oxide.

Jp— b
p—

Further, VAR 1s effective in suppression of segregation

and reduction

b

OrL gas components such as oxygen, etc.

According to the invention, in addition to

ﬁ

the effect of

1)

r—
203

fect of

fr—
-

making an oxide fine, an e:

preventing a nitride from becoming coarse can be

produced on a

steel ingot containing a nitride forming

element such as Ti, etc. in components thereof in the

case where remelting such as VAR, etc. is applied in

the process of

-y

dissociating the magnesium oxide.

i fr—

As a result of studying a size of a nitride

1n maraging steel, the inventors of the present

P

application have confirmed that a size of a nitride in

a steel 1ngot

after remelting such as VAR, etc. is

large as compared with that in a steel ingot after a

P

primary melting. Then, the inventors of the present

application have made sure that the cause for growth

F

and coarsening of a nitride during remelting is that a

nitride grows

and 1s made coarse during solidification

since a nitride present in a steel ingot in a primary

melting 1s not completely melted in a molten steel

during remelting.

According to the invention, crystallization

Or preclpitation of nitrides occurs until
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solidification after addition of a Mg alloy, while

F

oxlides a primary component of which is MgO tends to

make a nucleus for crystallization or precipitation of

nitride type compounds. Owing to this, a nitride in a

O Steel 1ngot in a primary melting assumes a

—

configuration of a nitride-MgO compound, in which a

nitride, for example, Ti surrounds a periphery of MgO

as a nucleus of precipitation.

When Mg evaporates actively from a surface of

10 a molten steel in the remelting process, oxides a

primary component of which is MgO and constituting a

part of a nitride-MgO compound is dissociated into Mg

and oxygen. Therefore, the nitride-MgO compound 1is

finely decomposed due to vanishment of a MgO part and

15 thermal dissociation 1s promoted to enable completely

melting a nitride 1n a molten steel.

Thereby, 1t 1s possible to surely melt a

nitride into a molten steel to prevent the nitride from

peing not entirely melted and growing into a further

20 large nitride to become coarse, with the result that it

1s possible to obtain a steel ingot free of any coarse

nitride.

Specifically, in the case where remelting is

VAR or the 1like, 1n which a unit of solidification 1is

R—

25 small, growth of nitride inclusions, which are not
entirely melted in remelting, causes an important

problem, and the invention provides effective measures

— -

for solving the problem.
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FElements that form nitride inclusions

typically include Ti mentioned, and further Al, Nb, V,

Cr, etc. as other elements.

In the invention, 1t 1s important to control

O an ampbilent atmosphere of a molten metal as described

above. While dissociation proceeds when pressure is

—

reduced 1n the process of dissociating the magnesium

oxlde relative to that in the magnesium oxide forming

process, a range preferred 1n a mass production

o

10 technology 1s such that a degree of vacuum in the

magnesium oxide forming process is 6 kPa to 60 kPa and

fp—

a degree of vacuum in the process of dissociating the

magnesium oxide 1s reduced relative to 0.6 kPa.

Here, the reason why a lower limit of the

-

15 degree of vacuum in the magnesium oxide forming process

is made 60 kPa is that a fundamental outgassing action
cannot be expected at a high pressure than the lower
limit. Also, the reason why an upper limit is made 6

kPa 1s that in a pressure reduced ambient atmosphere

20 exceeding the upper limit, Mg vaporizes before being

diffused into a molten metal and oxides a primary

component of which 1s MgO is hard to form, so that the

r—

effect of the invention becomes indefinite.

Also, while the degree of vacuum in the

25 process of dissociating the magnesium oxide 1is

v

favorably a pressure reduced ambient atmosphere as far
as possible, this is not practical since the

dlssoclation reaction proceeds slowly at a pressure
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over 0.6 kPa, so that it 1is preferable to reduce

pressure relative to 0.6 kPa. 0.06 kPa or less 1s more

preferable.

As described above, 1in determining those

5O conditions, under which an oxide in a molten steel 1is

made oxldes a primary component of which is MgO, there

are a method of calculation in a chemical equilibrium

—

manner, and a method of experimentarily finding such

conditions while collecting samples.

10 Specifically, in the case where Al is

problematic as inclusions, the relationship between an

armount of Mg (Mgexr) and an amount of Al (Alpyxr) is

preferably adjusted in the magnesium oxide forming

process so as to meet Aleokr (mass ppm)/Mgex: (mass ppm) =

1o 5 to 100.

The reason for this 1s that since Mg 1is

higher in oxide forming ability than Al, an oxide in a

1)

molten steel can be made oxides a primary component o:

which 1s MgO with Algxr (mass ppm) /Mgoxr (mass ppm) =

20 around 100, and an oxide in a molten steel can be

further surely made oxides a primary component of which

1s MgO 1in a range of at least Aloxr (mass ppm) /Mgoxr

(mass ppm) = 5.

While this effect can be produced to not a

——

25 little extent in a range of at most Alskr (mass

ppm) /Mgoxr (mass ppm) = 200, Mg becomes excessive and a

value of Alpgkr (mass ppm) /Mgoxr (mass ppm) become less

than 5, which 1s not preferable because there is 1
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possibility that inclusions are conversely increased.

For maraging steel, to which VAR 1s applied,

and tool steel such as steel for metal molds, etc. 1t

1s preferred that a Mg alloy of 10 to 100 ppm in an

amount corresponding to Mg be added

to a molten steel

1n a primary melting and Mg be decreased to 5 ppm or

less 1n a steel i1ngot after remelting.

Desirably, Al 1s positively added not as

1mpurities of steel but as a target

steel 1ngot and applied to a kind of

1nclusions are liable to generate,

4

of steel, 1n which inclusions of 0.1

r—

—
—
V-

tor example, a kind

component 1in a

steel, 1n which

to 0 mass % are

contained. Here, the reason why the upper limit wvalue

1s made © mass % 1s based on a recognition that around

0% 1s an upper limit value for general purpose

materials.

Also, application to a kind of steel

1

0.1 to 2 mass % 1s

containing Ti1i oO:

possible.

As described above, effectiveness 1s found

specifically 1n the case where remelting is applied.

The reason why the upper limit value is made 2 mass %

—

Q.

1s that an upper limit value of an amount of Ti

contained 1n a general purpose steel is around 2%. In

addition, even when less than the lower limit value and

—

-

more than the lower 1limit value, the effect of the

invention 1s demonstrated to not a little extent.

P

Practical types of steel,

to which the

1nvention 1s applied, include maraging steel.
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Recently, 1n particular, there has been an application

that a power transmission belt for automobiles is made

"

of a thin strip of maraging steel having a thickness of

—

about not more than 0.2 mm. In uses, in which a steel

finally has a thickness of not more than 0.5 mm, there

—

1s a risk that oxides having a size exceeding, for

example, 15 pum becomes an 1nitiation point of high-

cycle fatigue fracture, and so i1t 1is necessary to make

oxldes 1n a material to have a size of not more than 15

LLIT .

Also, since maraging steel except only a part

thereof contains T1i as a component, TiN is present in a

steel 1ngot. Since TiN 1s rectangular in shape and

susceptible to stress concentration and forms a

hydrogen embrittlement region called a dark area, it is

higher in susceptibility to high-cycle fatigue fracture

than an oxide and it is said that TiN in a material be

needed to be equal to or less than 10 um. Therefore,

g

the kind of steel 1s suited to the manufacturing method

rﬁ

of the 1nvention.

p—

An example of maraging steel applied to the

invention will be described below.

Maraging steel 1s an alloy, as suggested by

1ts name, of which a very high strength around 2000 Mpa
and an excellent ductility are obtained by subjecting a
martensitic structure to ageing (age hardening

gr—

Creatment), and which contains N1 of 8 to 25 mass %,

the steel being an age hardened type super strength
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steel.

1

A preferred chemical composition (mass %) O:

maraglng steel 1s as follows.

O (oxygen) 1s an element that forms oxide

1nclusions. According to the invention, it 1s possible

Lo control oxide inclusions to make the same very fine,

(—

and 1t 1s further desirable to decrease an amount of

oxygen that forms the oxide i1nclusions.

N (nitrogen) 1s an element that forms
nitrides and carbonitrides inclusions. According to

the 1nvention, 1t 1s possible to control nitride

inclusions to make the same very fine, and it is

gpre

further desirable to decrease an amount of nitrogen

dn

that forms the nitride inclusions. Therefore, it is

preferable to limit N to less than 15 ppm.

C (carbon) forms carbides or a carbonitrides,

and an upper limit of C is preferably 0.01% or less in

F
d

order to decrease a precipitated amount of an

intermetallic compound to reduce the fatigue strength.

Ti 1s an 1ndispensable element and forms a

fine intermetallic compound which is precipitated by

agelng treatment to contribute to strengthening of the

1

steel, and 1t 1s desirably preferable to contain Ti of

not less than 0.3%. Since deterioration in ductility

and toughness 1s resulted when its content exceeds

2.0%, a T1i content 1s preferably not more than 0.2%.

N1 1s an indispensable element that forms a

parent structure having a high toughness. When the Ni
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content 1s less than 8.0%, however, toughness is
degraded. On the other hand, when the Ni content

exceeds 22%, an austenlte phase is stabilized and it

becomes difficult to form a martensitic structure, soO

> that the N1 content 1s preferably 8.0 to 22.0%.

Co 1s an element which contributes to

ﬁ

precipltation strengthening of the steel by lowering

gpre

the solid solubility of Mo in a matrix without greatly

C -

affecting the stability of the matrix o:

p—
-

- a martensitic

10  structure whereby promoting Mo to form a fine

intermetallic compound which is precipitated in the

matrix. With its content less than 5.0%, however, an

adequate effect 1s not necessarily obtained, and with

its content exceeding 20.0%, there is shown a tendency

15 of embrittlement, so that the Co content is preferably

5.0 to 20.0%.

Mo 1s an element that forms a fine

intermetallic compound by means of aging treatment and
brings about precipitation in a matrix to contribute to

20 strengthening. With its content less than 2.0%,

f-.-
—

| — .

however, 1ts effect 1s less, and with its content

exceeding 9.0%, it 1is liable to form a coarse

precipitate, so that the Mo content is preferably 2.0

to 9.0%.

25 Since Al not only contributes to

precipitation strengthening of the steel by aging

Creatment but also causes a deoxidation reaction, its

content 1s preferably not less than 0.01%, but its
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content 1n excess 1.7% causes deterioration in

toughness, so that 1ts content 1s preferably not more

than 1.7%.

The remainder except the elements described

above may be composed of Fe but, for example, B is an

element effective 1n making crystal grains fine, so

that 1t may be contained in the range of 0.01% or less,
which range causes no deterioration in toughness.
Also, unavoidably contained impurity elements

are contained.

Since S1 and Mn among these elements promote

preclpitation of a coarse intermetallic compound, which

prings about embrittlement, to cause a decrease in

ductility and toughness and to form non-metallic

incluslons to cause a decrease in fatigue strength, Si

and Mn are preferably not more than 0.1% in content,

respectively, desirably not more than 0.05%, and since

P and S also make graln boundary embrittle and form

non-metallic inclusions to cause a decrease in fatigue

strength, they are preferably not more than 0.01%,

respectively.

Also, further practical types of steel, to

which the invention i1s applied, include a steel for

metal molds for resin.

Surfaces of resin products molded by a metal

F
p—

mold for resin are needed to be free of flaw in terms

pr— r—
P

of outward appearance. Also, the presence of

—

inclusions exceeding appropriately 10 um to be disposed
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y—

on surfaces of metal mold molding portions of a metal

mold for compact disks, DVD, or resin lenses is

responsible for pin hole disadvantages.
Accordingly, 1t 1s sald that an oxide or
nitrides present in materials be needed to be equal to

=
P

or less than 10 um. Application of the invention is

r—
p—

very effective 1n 1ngotting a tool steel such as steel

for metal molds for resin, etc.

A steel of molds for resin molding, to which

the 1nvention 1s suitably applied, may contain

B

J

indispensable components, for example, 0.005 to 0.5% o

C (carbon), 0.2 to 3.0% of Mn, 0.1 to 2.0% of Si, 1.5

to 4% of N1, and 0.1 to 2.0% of Al, and optionally one

—

or more selected from the group of 3 to 8% of Cr, 0.3

to 3.5% of Cu, 0.1 to 3% of W and/or Mo in term of (W/2

+ Mo), not more than 0.3% of S (sulfur), not more than

r—

2% of Co, not more than 0.5% of Nb, and not more than

O

0.5% of V.

"

In addition, while the balance is composed of

Fe and unavoldable impurities, N (nitrogen) and O

(oxygen), which form inclusions, are preferably 0.01%

or less 1n content and machilinability improving elements

may be contalned 1n a total of about 1% in addition to
the elements described above.

Alloys having the composition in the range

described above exemplarily contain the alloy

composition described in, for example, JP Patent No.

3351766, JP Patent No. 2879930, and JP-59-37738-R2.
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ESCRIPTION OF THE DRAWINGS

]
T
O

BRI

F1g. la 1s a section electron micrograph

lndicative of nitride inclusions found in maraging

steel "electrode”" produced by a method of the
5 1nvention;

F1g. 1lb 1s a section electron micrograph

N

indicative of further nitride inclusions found in

N

maraging steel "electrode" produced by the method of
the 1nvention;
10 Fig. 1lc 1s a section electron micrograph

F
p—

indicative of further nitride inclusions found in

maraging steel "electrode" produced by the method of
the 1invention;

Fig. 2 1s a section electron micrograph

15> 1indicative of nitride inclusions found in maraging
steel "electrode” produced by a comparative method;
Fi1g. 3a 1s a section electron micrograph

F

1ndicative of MgO type inclusions extracted from

")

maraging steel "electrode" produced by the method of
20 the 1nvention;

Fig. 3b 1s a section electron micrograph

1ndicative of MgO type inclusions extracted from

)

maragilng steel "electrode" produced by the method of

the 1nvention:

25 F1g. 4a 1s a section electron micrograph

P

1ndicative of Al,03; inclusions extracted from maraging

steel "electrode" produced by the comparative method;

Fig. 4b 1s a section electron micrograph
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yr—

indicative of "MgO-Al,03" type inclusions extracted from

maraging steel "electrode" produced by the comparative

method;

10

15

20

29

FF1g. Sa 1s a section electron micrograph

fr—

indicative of oxide inclusions found in a steel strip

sample obtalined by subjecting maraging steel "steel

F

1ngot" produced by the method of the invention to hot

rolling, solution heat treatment, cold rolling, and

agilng treatment;

Fig. Sb 1s a section electron micrograph

indicative of oxide inclusions found in a steel strip

sample obtained by subjecting maraging steel "steel

1ngot"” produced by the method of the invention to hot

rolling, solution heat treatment, cold rolling, and

aglng treatment;

Fi1g. 5Cc 1s a section electron micrograph

indicative of oxide inclusions found in a steel strip

sample obtailned by subjecting maraging steel "steel

*

ingot" produced by the method of the invention to hot

rolling, solution heat treatment, cold rolling, and

agling treatment;

F1g. 6a 1s a sectilion electron micrograph

indicative of oxide inclusions found in a steel strip

sample obtained by subjecting maraging steel "steel
1ngot" produced by the comparative method to hot
rolling, solution heat treatment, cold rolling, and
aging treatment;

Flig. ob 1s a section electron micrograph
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indicative of oxide inclusions found in a steel strip

sample obtained by subjecting maraging steel "steel

1ngot" produced by the comparative method to hot

rolling, solution heat treatment, cold rolling, and

aglng treatment;

Flg. 7 1s a section electron micrograph

indicative of nitride inclusions found in a steel strip

sample obtained by subjecting maraging steel "steel

.

ingot" produced by the method of the invention to hot

rolling, solution heat treatment, cold rolling, and

aglng treatment;

Fig. 8 1s a section electron micrograph

indicative of nitride inclusions found in a steel strip

sample obtained by subjecting maraging steel "steel
1ngot" produced by the comparative method to hot

rolliing, solution heat treatment, cold rolling, and

agling treatment; and

P

Fig. 9 1s a graph showing results of fatigue

Cests on maraging steel obtained in the method of the

1nvention and the comparative method.

Example 1

First, an example of maraging steel applied

first to the invention will be described below as an

embodiment.

A consumable electrode of 1 ton for VAR

melting, in which a Mg content in molten steel was in

the order of non-addition to 200 ppm and varied in six

kinds, was produced by VIM for a representative
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TABT]‘_*_‘: l) -

20

steel (see No. 1 to No. 6

A primary melting electrode for VAR w

produced 1n VIM by adding Mg included a 95 mass

mass % Mg alloy to a molten steel at the degree of

vacuum of 13.3 kPa and then solidifying the mol

steel 1n a mold. Also, a consumable electrode

1n

aS

5 N1-5

P
—

ten

was also

produced as a comparative material under the condition

of Mg micro-addition
Further, 1in
nitrides or carbonitr

consumable electrodes

or non-addition by VIM.

order to elucidate influe

F

1des by addition of Mg, si

F

, Of which nitrogen concen

nces on
X

tration

was adjusted to 5 ppm and 10 ppm, were produced and

subjected to VAR (see

No. 7/ to No. 12 in TABLE

1) .

Steel 1ngots were produced by using VAR under

the same conditions to remelt these electrodes produced

py VIM. The same mol

VAR, and melting was

cof 1.3 Pa with a maki

P
-

stationary portion of

L]

TABL]

produced by VIM and t

ds, respectively, were use

performed at the degree of

ng current being 6.5 kA at

a steel ingot.

he chemical composition of

Faand

d in

vVaCuuln

o

1 1ndicates consumable electrodes

steel

ingots obtained by vacuum-remelting the electrodes by

VAR. No. 7 to No. 172

demonstrate influences on

nitrides or carbonitrides by addition of Mg.

indicated as "electrode™

In addition,

atter VAR are indicated as "steel ingot".

the consumable electrodes are

and the consumable electrodes
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Also, a value ot "electrode" corresponds to a

P

value 1n a step of formation of a Magnesium oxide, and

ﬁ

a value of "steel 1ngot" corresponds to a value 1n a

step of dissociation 1n the invention.
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First, test pileces for observation of

inclusions were collected from

inclusion was examined.

methods, and a cross—-sectional

Inclusions were confirmed in two kinds o

N

"electrode” and the

1

configuration of the

1nclusion was observed by cutting down blocks from

"electrode” and performing electron microscopic

ph—

observation of a cross section

lb, and 1c (in the figures, a plurality of

supstantially square spots are

-

.  Exemplarily, Figs. 1la,

aligned linearly 1n a

gr—

right and lower portion of each of photographs to

indicate dimensions. That is,

positioned at both ends of the

indicates a numeric value 5 um

a distance between spots

-

plurality of spots

written down together.

The same 1s the case with the remaining figures.) show

g,

several electron micrographs of typical nitride

inclusions out of inclusions collected from an

invention specimen No. 2.

On the other hand, blocks were cut down from

F

"electrode” of a comparative specimen No. 5 and

electron microscoplc observation of cross sections of

R—

the blocks was performed. Exemplarily, Fig. 2 shows an

—

electron micrograph of a typical nitride inclusion.

It 1s seen from Figs.

la to 1lc and Fig. 2

that 1nclusions, to which the method according to the

1nvention 1s applied, assumes the form, in which a

relatively large MgO as a nucleus is surrounded by TiN.

In addition, many nitride inclusions, in
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which MgO was present as a nucleus in a relatively
large area ratio, could be seen in "electrode", to
which the method according to the invention was
applied, as shown in Figs. la to lc. This tendency 1is
thought to be peculiar to inclusions, to which the

method according to the invention is applied.

A method of examining a ratio of inclusions

ﬁ ﬁ

mainly composed of MgO adopts one of collecting ten

test pieces having a weight of 1 g from "electrode" and

using the EBBM (Electron Beam Button Melting) method to
heat and melt sample metallic pieces to make the same

metallic balls to examine inclusions having a

relatively small specific gravity and floating on

surfaces of the metallic balls.

In addition, since the larger in weight the

samples, the more correct the measurements, and a lot

of time 1s needed for an operation of confirmation, a

total of 10g was collected because it 1s practical to

make an examination with samples having a weight of

necessity minimum.

Subsequently, those inclusions having a

magnitude of at least 5 um, out of oxide inclusions

-

caused by the EBBM method to float on surfaces of

metallic balls were subjected one by one to

quantitative analysis in an energy distributed type X-

ray analyzer, and 1t was confirmed that inclusions

malnly composed of MgO amounted to 80% of the total.

Figs. 3a, 3b, 4a, and 4b show electron
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M—

micrographs of 1nclusions extracted by the EBBM method.

Figs. 3a and 3b show inclusions of the MgO type
according to the invention, and Fig. 4 shows

comparative examples, Figs. 4a and 4b showing

inclusions, in which Al,03 agglomarates, and Fig. 4b

showing i1nclusions of spinel "MgO-Al,03".

Subsequently, steel 1ngots after VAR were

subjected to socaking of 1250°C x 20 hours, and then

-

subjected to hot forging to provide hot forgings.

Subsequently, these materials were subjected

ﬁ

to hot rolling, solution heat treatment of 820°C x 1

hour, cold rolling, solution heat treatment of 820°C x 1

hour, and aging treatment of 480°C x 5 hour to

manutfacture maraging steel strips having a thickness of

0.5 mm.

ITransverse samples were collected from both

ends of maraging steel strips of No. 1 to No. 6,

dissolved by a mixed acid solution, and filtered by a

filter, a residue remaining on the filter and composed

of an oxide was observed by SEM, and the composition

i

and size of oxide non-metallic inclusions were

measured.

p—

In measuring the size of the non-metallic

-

inclusions, a diameter of a circle circumscribing the

non-metallic inclusions was assumed to provide a

maximum length of the non-metallic inclusions. The

2 .

[*3

results are 1ndicated 1in TABL!
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Table 2
Rate of alumina type .
inclusions with}§> Maximum length - (um)
NoO. cize of of non—metallic Remarks
oxide 1nclusions
10 pum Or more
1 66 . 7% 160 Inveqtlon
speclmen
5 16 72 14 1 Inveqtlon
speclmen
3 N 15 g Inveqtlon
speclimen
A 0s 15§ Inveqtlon
speclimen
5 37 92 25 4 Compagatlve
specimen
o 73.52 21 1 Compagatlve
specimen
(*Note: Here, alumina type inclusions mean spinel

(MgO—AlQO:g) and A1203.)

TABLE 2 1ndicates a tendency that oxide non-

metalllic 1nclusions exceeding 20 um disappear

p—
fp—

maraging steel 1n lots, in which a value of a

i

ingot Mg becomes equal to or less than 50% of

from

steel

an amount

corresponding to an added Mg, and the larger an

Jr—

electrode Mg content, the smaller a size of the

Lnclusions.

Also, oxide non-metallic inclusions

1in steel

lngots observed in thilis evaluation were composed of a

spinel (MgO-Al,03) oxilde inclusion and oxides a primary

component of which 1s MgO 1n the i1nvention, and oxides

a primary component of which is Al,0s; in the comparative

examples.

In addition, the reason why oxide inclusions
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of "electrode" changed to a spinel oxide inclusion

after remelting in the i1nvention is that MgO present in

the electrode evaporated, or a part of MgO having not
evaporated was decomposed into Mg and O to make a
5> spilnel oxilde 1nclusion or remained slightly as MgO.

It 1s thought that newly generated spinel

ﬁ

oxlde 1nclusions of (MgO-Al,03) during remelting under

—

vacuum made fine inclusions of 20 um or less owing to

e e
p—

an effect of a decrease 1n electrode oxygen

—

10 concentration by addition of Mg, and evaporation of Mg

during melting under vacuum, and even newly generated

inclusions as Al;03 inclusions made inclusions of 20 um
or less owlng to a decrease in Oxygen quantity.
Figs. 5a, 5b, and 5c show electron

pr—

1o micrographs of typical oxide inclusions according to

the i1nvention. Fig. 5a shows MgO inclusions, Fig. 5b

shows spinel oxide inclusions of (MgO-Al,03), and Fig.

P

>c shows an aggregate of Al,0;3 inclusions.

Figs. 6a and ob show electron micrographs of
20 typical oxide inclusions in comparative examples, Fig.
ca showling Al;03 inclusions, and Fig. 6b showing spinel

p

oxide 1nclusions of (MgO-Al,0;), these inclusions being

large as compared with inclusions in the invention. 1In

addition, according to the embodiment, the samples in

-

25 sSteel strips having a thickness of 0.5 mm were used for

F

examination of inclusions, and any change in the

configuration, composition, and size of inclusions were

not specifically found as compared with the stage of
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"steel 1ngot".

—

Subsequently, transverse samples of 100 g

were collected from both ends of maraging steel strips

of No. 7 to No. 12, dissolved by a mixed acid solution,

a bromine methanol, or the like, and then filtered by a

filter, a residue remaining on the filter and composed

10

15

20

29

= -

of an oxide was observed by SEM, and the size of oxide

non-metallic i1nclusions was measured.

Further, 1n order to evaluate nitrides and

p

carbonitrides 1in detail, inclusions of 10 g were

collected, dissolved by a mixed acid solution, a

bromlne methanol, or the like, nitrides and

carbonitrides were increased in degree of cluster by

decreasing the filtration area of the filter, and SEM

P

was used to observe nitrides the number of which is

10,000 and carbonitrides to measure a maximum size.

Since nitrides or the like were rectangular-

shaped, a major side a and a minor side b were

—

measured, and a diameter of a circle corresponding to

1)

an area axpb was assumed to provide a maximum length of

the nitrides. In addlition, a diameter of a circle

cilrcumscribing oxide non-metallic inclusions was

Llikewlse assumed to provide a maximum length of the

non-metallic inclusions. The results are indicated in

TABLE 3.
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[*]

It 1s found with respect to oxides from TABL!

3 that like results of examlination in No. 1 to No. 6

shown 1n TABLE 2, oxide non-metallic inclusions

exceeding 20 pum disappear from maraging steel strips in

' il

5 lots, i1n which a value of a steel ingot Mg becomes

-

equal to or less than 50% of an amount corresponding to

an added Mg. Also, 1t 1s

| — Y

ound wilith respect to a

maximum length of an nitride} etc. that when the

electrode nitrogen concentration is 5 ppm, an nitride,

10 etc. 1s made more fine by 2 to 3 um in size due to

addition of Mg, and when the electrode nitrogen

concentraticn 1s 10 ppm, an nitride, etc. is made more

fine by 3 to 4 um 1n size due to addition of Mg.

—
=

Fig. 7 shows an electron micrograph of

1> nitride 1inclusions of an invention specimen No. 8, and

Fig. 8 shows an electron micrograph of nitride

inclusions of a comparative specimen No. 11.

Subsequently, samples for fatigue tests were

collected from "electrode" described above.

20 The samples were obtained by performing

soaking of 1250°C x 20 hours on test pieces of an

invention specimen No. 7 and a comparative specimen No.

11, and then performing hot forging on them to provide

ﬁ

pars having a diameter of 15 mm. Subsequently, after

25 the bars were subjected to solution heat treatment of

820°C x 0.5 hours, aging treatment of 480°C x 3 hours

was performed on them to fabricate 10 ultrasonic

fatigue test pileces for the specimen No. 7 and the
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comparatilive specimen No. 11, respectively.

An ultrasonic fatigue testing machine was

used to put the ultrasonic fatigue test pieces to

5 fatigue test was carried out such that the duration of

r—

fatigue test at the stress amplitude of 400 MPa. The

operation at a speed of vibration of 20 kHz was 80 ms

and stoppage for cooling was 190 ms, and repeated until

pr—
.

the test piece was broken. As a result o:

#

R—

observing a

fracture initiation polnt of the broken test piece, it

10 was confirmed that a fatigue crack developed 1n the

test pilece with inclusions as the fracture initiation

polnt and resulted in fracture.

Hereupon, with respect to those test pieces,

in which i1nclusions provided the fracture initiation

15 point, maximum lengths of the inclusions were measured

by SEM observation. Fi1ig. 9 shows a plot of the number

—

-

of repetitions of a fatigue test at the time of

P—

fracture vs. a maximum length of those inclusions,

which provided the fracture initiation point.

20 It 1s seen from Fig. 9 that when a maximum

length of those 1nclusions, which provided the fracture

initiation polint, exceeded approximately 15 um for

oxides and approximately 10 um for nitrides, the

rupture life amounted to around 10’ times and when a

ﬁ

25 maximum length of those inclusions, which provided the

fracture 1nitiation polnt, was approximately 15 um or

less for oxides and approximately 10 um or less for

nitrides, the rupture life was extremely extended to




10

15

20

29

CA 02541319 2006-04-03

38

amount to 10° times or more as a maximum length of the

1nclusions was decreased.

While the average rupture life of the

invention specimen No. 7 was as

long as 10° times or

F

more, the average rupture life of the comparative

specimen No. 11 amounted to 10’

times, and thus it was

conflrmed that making inclusions fine according to the

invention was apparently effective in extending the

ﬁ

fatigue life.

Embodiment 2

An example of steel for metal molds for

resin, applied to the invention

below.

wlill be described

F

Since 1nclusions in structure of steel for

metal molds for resin are modified into a spinel (MgO-

Al;03) oxide or oxides a primary

component of which 1is

MgO, 1t 1s possible to provide a metal mold steel,

which 1s free of any pin hole flaw and excellent in

polishing property as described

above.

ﬁ

First, VIM was made use of to ingot a 1 ton

consumable electrode (the balance: Fe and unavoidable

impurities) having the composition of TARL)

[*]

4, in which

a Mg content 1n molten steel was non-addition to about

200 ppm and a Mg content was adjusted, for

F—
SN

representative components of metal molds for resin.

In VIM, a Ni1-Mg alloy

added Mg to the molten

steel at the degree of vacuum of 13.3 kPa, and

thereafter solidification was made in a casting mold to
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manufacture a primary melting electrode for VAR.

Also, a consumable electrode was produced as

a comparative materia.

i

of a very small amount

of VIM.

under the conditions of addition

r‘

of Mg or non-addition by means

The electrodes produced by means of VIM were

remelted under the same conditions by VAR to

manufacture steel 1ngots. The same casting molds were

used 1n VAR, and melting was made at the degree of

F

vacuum of 1.3 kPa with

-

a making current being 6.5 kA at

F

a stationary portion of a steel ingot.

The steel 1ingots thus obtained were forged

and rolled to slabs having a section size of 400 mm x

00 mm and subjected to

p—

heat treatment, and test pieces

of 50 mm x 50 mm were cut out from a center in a slab

width direction to be adjusted to a martensitic

structure having a predetermined harness to provide

sample materials. Here, the heat treatment was carried

F b

out so as to provide for a hardness of 40HRC #+ 5 such

Chat quenching was made by making heating at 1000°C for

1 hour and then making

alr coolling, and thereafter

tempering was made by making heating at an appropriate

temperature of 520°C to

hour and then making a1l

580°C at intervals of 20°C for 1

r cooling.
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Size of 1nclusions and the polishing property

were evaluated for these sample materials. For

1nclusions, samples of respective TP were dissolved by

the same acid extract treatment as that for the

f-.-

maragling steel and lengths of inclusions obtained by

filtration through a

M.

L*]

filter were observed by S

The polishing property was evaluated by

making mirror finish of the sample materials in #3000

level and #0000 level with a grinder—paper—diamond

r—
pr—

compound system and counting the number of fine pits as

generated with the use of a magnifier having a

magnifying power of

2500 mm® were represented by "A"

S

of less than 4, "R"

Fvaluation criteria in an examined area of

10.

-

o

Cor the number of pits

| —_—

for the number of pits of 4 to less

p

than 7, "C" for the number of pits of 7 to less than

10, and "D" for the number of pits of 10 or more.

1)

TABLE 5 1ndicates results of the evaluation.
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Table 5
. Polishing
Hardness cla X LI property
No.- length (um) Remarks
(HRC) . .
of 1nclusions
3000 o000
1 38.2 9.5 R B Invegtlon
speclimen
2 38.5 7.8 A A Invention
specimen
3 39.1 9 1 A A Invegtlon
specimen
4 39.1 g .2 I A Invegtlon
speclimen
11 41.2 15.5 D s Compagatlve
specimen
12 39.8 13 .2 C c Compa;atlve
specimen

10

(1
Ul

It could be confirmed from results of TARLF

that the materials according to the invention were

e
-

apparently effective for an excellent polishing

property of metal molds for resin.

Industrial Applicability

The 1nventlon 1s capable of finely diffusing

non-metallic inclusions existent in a steel ingot and

—
g

~

fective as a method of generally manufacturing steel,

pr——

in which sizes of inclusions cause a problem, in

addition to maraging steel, in which high-cycle fatigue
strength causes a problem, metal mold steel, in which

inclusions cause a problem in mirror polishing

property, etc.
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What 1s claimed 1is:

1. A method of producing a steel ingot, which comprises the
steps of:

preparing molten steel under vacuum;

forming magnesium oxides by adding Mg i1nto the molten steel
in order to make oxides contained in the molten steel so as to
have a chemical composition a primary component of which is MgO;

subsequently producing a consumable electrode from the
molten steel containing magnesium oxides; and

remelting the consumable electrode under higher vacuum than

that of the former process of forming the magnesium oxides 1in

order to dissocliate the magnesium oxides contained in the molten
steel 1nto Mg and oxygen thereby making a Mg content 1in the
molten steel to be not more than 50% of that in the former

process of forming the magnesium oxides.

2. The method according to claim 1, wherein the remelting 1is

of a vacuum arc remelting.

3. The method according to claim 1, wherein the steel ingot

contains a nitride forming element as a component of the steel.

4, The method according to claim 1, wherein the degree of
vacuum 1n the first step of forming a magnesium oxide is 6 kPa
to 60 kPa and the degree of vacuum in the second step of the

remelting process 1s lowered to less than 0.6 kPa.
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S. The method according to claim 1, wherein the relationshilp

’ ]

between an amount of Mg (Mgexr ) and an amount of Al (Algxr ) 1S

adjusted in the first step of forming a magnesium oxlide so as to
meet the following equation:

Aloxr (mass ppm) /Mgexr (mass ppm) = 5 to 100.

6. The method according to claim 1, wherein Mg i1s added 1nto

the molten steel as a Ni-Mg alloy which contains from exclusive

zero to not more than 20 mass % of Mg.

7. The method according to claim 1, wherein the steel 1ingot

contains 0.01 to 6 mass % of Al.

8. The method according to claim 1, wherein the steel 1ingot

contains 0.1 to 2 mass % of Ti.

9. The method according to claim 1, wherein the steel ingot 1is

of a maraging steel.

10. The method according to claim 1, wherein the steel ingot is

of a tool steel.

11. The method according to claim 9, wherein the maraging steel

consists essentially of, by mass, less than 10 ppm of O (oxygen),

less than 15 ppm of N (nitrogen), not more than 0.01% C, 0.3 to
2.0% or less of Ti, 8.0 to 22.0% of Ni, 5.0 to 20.0% of Co, 2.0
to 9.0% of Mo, 0.01 to 1.7% of Al, and the balance of Fe and

unavolidable impurities.

12. The method according to claim 1, wherein an amount of the

additive Mg in the magnesium oxide forming process is 10 to 200

ppIit.
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13. The method according to claim 1, wherein the steel 1s a
maraging steel, and wherein a maraging steel ingot obtained
after the remelting process contains oxide type nonmetallilc
inclusions having a maximum length of not more than 16.0 um, and

o~
p—

an amount of Al;0; type oxide 1nclusions to a total the number of

oxlide inclusions having a size of not less than 10 um is not

more than 66.7%.

14. The method according to claim 1, wherein the steel 1s a
maraging steel, and wherein a maraging steel ingot obtained
after the remelting process contains nitride type nonmetallic

inclusions having a maximum length of not more than 10 pm.

15. The method according to claim 1, wherein a maraging steel
ingot obtained after the remelting process 1is used as a raw

material of a power transmission belt of automobiles, which has

a thickness of not more than 0.5 mm.
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