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A machine structure steel superior in chip disposabil-
ity and mechanical properties which contains sulfide-type

inclusions such that those particles of sulfide-type inclu-

sions with major axes not shorter than 5 um have an average

aspect ratio not larger than 5.2 and which also contains
coarse particles of sulfide-type inclusions such that the
following relation is satisfied.

a/b £ 0.25
where, a denotes the number of particles of sulfide-type
inclusions with major axes not shorter than 20 um, and b
denotes the number of particles of sulfide-type inclusions

with major axes not shorter than 5 um.
The machine structure steel exhibits good chip dispos-

abllity and mechanical properties despite its freedom from

lead.
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MACHINE STRUCTURE STEEL SUPERIOR IN

CHIP DISPOSABILITY AND MECHANICAL PROPERTIES

1. Field of the Invention:

The present invention relates to a machine structure
steel and a process for production thereof, said steel
being useful as a raw material to be made into parts of
industrial machines, automobiles, and electric appliances
by machining. More particularly, the present invention
relates to a machine structure steel and a process for
production thereof, said steel being superior in chip dis-

posability and mechanical properties despite its substan-

tial freedom from lead (Pb) as a machinability improving

component.

2. Description of the Related Arts:

Good machinability 1is regquired of a steel to be made
into parts of industrial machines, automobiles, and elec-
tric appliances by machining. A conventional way to im-
prove the machinability of a machine structure steel for
such parts 1s to incorporate the steel with lead (Pb) or
sulfur (S) as a machinability improving component. It is
known that lead (Pb) even in a small amount greatly im-
proves machinability.

Japanese Patent Laid-open No. 205453/1984 discloses a

free machining steel which is incorporated with S, Te, Pb,

and Bi in combination. This steel is characterized by its
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specific inclusions. That is, it contains MnS-type inclu-
sions such that those which have a ratio of major axis to
minor axis smaller than 5 account for more than 50% of all.
It also contains oxide-type inclusions such that Al,0, ac-
counts for not more than 15% of all.

Also, Japanese Patent Laid-open No. 23970/1987 dis-
closes a free machining steel which is based on a low-
carbon steel made by continuous casting process and incor-
porated with sulfur and lead. This steel contains C, Mn, P,
S, Pb, O, Si, and Al in specific amounts and also contains
MnS-type 1nclusions with a specific average size and sul-
fide-type inclusions (not combined with oxides) in a speci-
fic ratio.

The above-mentioned disclosures are concerned with a
free machining steel incorporated with lead and sulfur in
combination. There is a tendency in the steel industry
toward avoiding the use of lead in reaction to the environ-
mental pollution with lead which is an urgent social issue.
Active studies are being made on the improvement of machin-
ability withqQut resort to lead.

Japanese Patent Laid-open No. 87179/2000 discloses a
carbon steel or alloy steel for machine structural use
which 1s incorporated with Ca, Mg, and REM (rare earth
metal) 1in combination for superior wear resistance and chip
disposability required of machining with a cemented carbide
tool. However, 1t only mentions the composition of sul-

fide-type inclusions and it does not mention the size of
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sulfide-type inclusions which has a crucial influence on
machinability and mechanical properties.

Japanese Patent Laid-open No. 188853/1995 discloses a
carburizing steel for gears which contains 0.0015-0.0350%
T.Mg (total Mg) in addition to such basic components as C,
Si, Mn, Cr, P, S, T.O0 (total O). It claims that Mg added
to the steel combines with Al,0, to form MgO'Al,0, or MgoO,
making oxide inclusions (mainly alumina) fine, which re-
sults 1n reduction in ductility (due to MnS) and improve-
ment in surface fatigue strength and gear tooth bending
fatigue strength. However, it mentions nothing about im-
provement 1in impact resistance (in lateral direction) and
machinability.

Japanese Patent Laid-open No. 238342/1995 discloses a

high-strength carburizing steel for gears which is speci-
fied by the content of oxides and sulfides (in terms of

number of particles) which satisfies the following condi-

tions.

Number of (MgO + MgO’'Al,0,)

2 0.80 (1)
Total number of oxides

Number of (Mn Mg)S

IA

0.20
Total number of sulfides

This steel is an improvement over that disclosed in Japane-
se Patent Laid-open No. 188853/1995 just mentioned above.
The disclosure claims that oxides and sulfides in specific

amounts as set forth by (1) and (2) above greatly improve
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surface fatigue strength and gear tooth bending fatigue
strength. However, it mentions nothing about improvement
in machinability and impact resistance in lateral direction.
In the meantime, it is known in other field than free-

machining steel that oxide-type inclusions, particularly
alumina (Al,0,) inclusions, in steel produce such adverse
effects as breakage in the case of wire rod such as tire
cord, rolling fatigue in the case of bar steel such as
bearing quality steel, and cracking at the time of can
making in the case of thin steel sheet for DI process. For
alleviation of these adverse effects, several attempts were
made to reduce the amount of alumina-type inclusions. One
way disclosed in Japanese Patent No. 2140282, for example,
1s to add a Mg alloy to a molten steel containing Si, Mn,
Al, and C, thereby preventing Al,0, in the steel from be-
coming coarse through aggregation. Mg added to a molten
steel converts Al,0, into MgO 'Al,0, which is fine particles
having no adverse effect on the steel.

Also, Japanese Patent Laid-open No. 225822/1996 dis-
closes an improvement on a steel containing Al and S by
sequential addition of Ca and Mg. These additives convert
alumina inclusions in the steel into a binary oxide (CaoO-
Al,0,) or a ternary oxide (Ca0-Al,0,-Mg0O), which has a lower
melting point. To be more specific, upon addition of Ca
and Mg to a molten steel, such inclusions as Al,0, and CaS$
which cause nozzle clogging change into compound oxides

having a lower melting point than 12Ca0 7A1,0,, without
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forming CaS in an appreciable amount. The steel modified
in this way is free from nozzle clogging. The above-
mentioned method is applied to an Al-killed steel to pre-

vent Al,0, from becoming coarse through aggregation.
Therefore, the molten steel already contains Al before
incorporation with Mg.

In addition, Japanese Patent No. 2684307 discloses a
method of efficiently preventing Al,0, from aggregation in
a molten steel. by addition of an Mg-Al alloy to a molten
steel containing Si, Mn, and C. Adding Mg and Al simulta-
neously in the form of alloy permits efficient and rapid
reactions. The result is an improved yield per unit amount
of Mg added. Unfortunately, Mg readily vaporizes and hence
does not remain as much as Al in the molten steel when Mg
and Al are added simultaneously. Consequently, Al,0, 1is
much more prone to occur, creating a state very similar to
that which would be if Al is added first. 1In other words,
Mg added simultaneously with Al is not so effective in
dispersing inclusions in the form of fine particles.

As mentipned above, attempts made so far to improve
machinability are based mainly on controlling the size and
shape of sulfide-type inclusions (such as MnS) in resul-
furized carbon steel. However, none of free-machining
steel has been realized which is comparable to leaded car-
bon steel. Moreover, any attempt to control the size and
shape of sulfide-type inclusions causes MnS particles to

elongate as the base metal (steel) undergoes plastic defor-
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mation during rolling or forging. The elongated MnS parti-
cles cause mechanical anisotropy, with the result that the
steel has a lower impact value in one direction than in
other directions.

Now, machinability is rated in terms of (1) cutting
resistance, (2) tool life, (3) finished surface roughness,
and (4) chip disposability. 1In the past, importance was
attached to the second and third items. However, the
fourth item has recently become important from the stand-
point of working efficiency and safety as automated or
unmanned machining has become common. Chip disposability
is an ability of steel to become small chips after cutting.
With poor chip disposability, a work tends to give rise to
long coiled chips which entangle with the cutting tool. As
long as chip disposability is concerned, the conventional
lead-containing free-cutting steel is satisfactory; however,
so far there is no lead-free steel having good chip dispos-
ability.

QBJEDT AND AMMARY O HE INVENITON

The present invention was completed in order to ad-
dress the above-mentioned problems. It is an object of the
present invention to provide a machine structure steel and
a process for production thereof, said steel being superior
in chip disposability and mechanical properties despite its
substantial freedom from lead.

The present invention is directed to a machine struc-

ture steel superior in chip disposability and mechanical
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properties which contains sulfide-type inclusions such that
those particles of sulfide-type inclusions with major axes
in a specific range have a controlled average aspect ratio
and which also contains coarse particles of sulfide-type
inclusions in a limited number.

To be more specific, the gist of the present invention
resides in a machine structure steel superior in chip dis-
posability and mechanical properties which contains sul-
fide-type inclusions such that those particles of sulfide-
type 1inclusions with major axes not shorter than 5 um have
an average aspect ratio not larger than 5.2 and which also
contains coarse particles of sulfide-type inclusions such
that the following relation is satisfied.

a/b £ 0.25
where, a denotes the number of particles of sulfide-type
inclusions with major axes not shorter than 20 um, and b
denotes the number of particles of sulfide-type inclusions
with major axes not shorter than 5 um.

The aspect ratio in the present invention is defined
as c¢/d, where c¢ and d respectively denote the major axis
and minor axis of a particle of sulfide-type inclusions.
The major axis of a particle is defined as the diameter of
the maximum circle circumscribing the particle. The minor
axis of a particle is defined as the maximum width of the
particle measured in the direction perpendicular to the
diameter of the maximum circle.

According to a preferred embodiment, the machine

O L e AR A TIPS 1 1 1 el ST 2 A BT M AR A S ade . - ot MR St Eat o | A K R e T I b s T Cr e e T M v LB ] L b apriee sens e aat . e e e e .



CA 02355482 2001-08-21

structure steel of the present invention satisfies the
condition that [Mgl/[S] 2 7.7 x 10’ (where [ ] denotes the
content (mass%) of each component), those particles of
sulfide-type inclusions with major axes not shorter than 50
Um have an average aspect ratio not larger than 10.8, and
a/b £ 0.25 (where a and b are defined as above).

According to another preferred embodiment, the machine
structure steel of the present invention satisfies the
condition that: ([Mg]+[Cal)/[S] 2 7.7 x 10 (where [ ] de-
notes the content (mass%) of each component), those parti-
cles of sulfide-type inclusions with major axes not shorter
than 50 um have an average aspect ratio not larger than
10.8, and a/b < 0.25 (where a and b are defined as above).

According to another preferred embodiment, the machine
structure steel of the present invention contains 0.01-0.7%
cC, 0.01-2.5% S1, 0.1-3% Mn, 0.01-0.16% S, not more than
0.05% P (0% inclusive), not more than 0.1% Al (0% inclu-
sive), and not more than 0.02% Mg (0% not inclusive). It
may additionally contain not more than 0.02% Ca (0% not
inclusive) and not more than 0.3% Bi (0% not inclusive).
“%” means "mass%”, and the same shall apply herein after.

The present invention is also directed to a process
for producing a machine structure steel, said process com-
prising a step of adding a substantially Al-free Mg alloy
to a substantially Al-free molten steel. This process may
be modified such that addition of said Mg alloy is followed

by addition of Al.
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The present invention is also directed to a process
for producing a machine structure steel, said process com-
prising a step of adding a substantially Al-free Mg alloy
and a subsequent step of adding a substantially Al-free Ca
alloy to a substantially Al-free molten steel. This proc-
ess may be modified such that addition of said Ca alloy is
followed by addition of Al.

The present invention is also directed to a process
for producing a machine structure steel, said process com-
prising a step of adding a substantially Al-free Mg alloy
and a substantially Al-free Ca alloy all together as many
times as necessary to a substantially Al-free molten steel,
or sald process comprising a step of adding a substantially
Al-free Mg alloy earlier than a substantially Al-free Ca
alloy and then adding these two alloys in any order as many
times as necessary. This process may be modified such that
addition of said Mg alloy and said Ca alloy is followed by
addition of Aal.

The above-mentioned process may be carried out effi-
ciently if the molten steel is covered with a slag contain-
ing 15% or more MgoO.

BRII DESCRIPTION QF THE DRAWIN

Fig. 1 is a graph showing the relation between the

toughness 1n transverse direction and the number of chips.
PDESCRIPTION OF THE PREFERRE EMBODIMENTS
The present inventors carried out extensive investiga-

tion for development of a machine structural steel superior
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in both chip disposability and toughness (or toughness in
transverse direction which is defined as impact strength
measured in the direction perpendicular to the direction in
which a steel is elongated by rolling or forging). As the
result, 1t was found that such a machine structural steel
can be obtained if an adequate control is imposed on the
shape and size of sulfide-type inclusions (such as MnS)
therein. 1In other words, for a machine structure steel to
have improved chip disposability, it is desirable that
sulfide-type inclusions therein be coarse particles. Also,
for a machine structure steel to have improved toughness in
Lransverse direction, it is desirable that sulfide-type
inclusions be fine spherical particles. Therefore, a ma-
chine structure steel will have both of these properties 1if
i1t contains sulfide-type inclusions which are approximately
spherical particles having a size within a certain range.
It was found that there exist Mg and Ca oxides in
approximately spherical sulfide-type inclusions contained
in a machine structure steel which has both of the above-
mentioned praperties. It was also found that there exist
no Mg and Ca oxides in coarse elongated sulfide-type inclu-
sions contained in a machine structure steel which is poor
in toughness in transverse direction. This fact suggests
that sulfide-type inclusions grow from Mg and Ca oxides as
nuclel and sulfide-type inclusions take on a form desirable
for a machine structure steel to have both of the above-

mentioned properties if said oxides dissoclve in sulfide-

10
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type 1nclusions to form a solid solution.

If a machine structure steel is produced in such a way
that Mg and Ca oxides are intentionally formed, the result-
1ng steel will contain sulfide-type inclusions with a de-
sired shape and size and hence will have both improved chip
disposability and improved toughness in transverse direc-
tion. This is the basis on which the present invention was
completed.

The Mg and Ca oxides as nuclei for sulfide-type inclu-
sions are intentionally formed by selecting an adequate
time for addition of Mg and Ca in the period of steel mak-
ing.

The following is a detailed description of the present
invention.

The first embodiment of the present invention covers a
machine structure steel which contains sulfide-type inclu-
sions such that those particles of sulfide-type inclusions
with major axes not shorter than 5 um have an average as-
pect ratio not larger than 5.2 and which also contains
coarse partigles of sulfide-type inclusions such that the
following relation is satisfied.

a/b £ 0.25
where, a denotes the number of particles of sulfide-type
inclusions with major axes not shorter than 20 um, and b
denotes the number of particles of sulfide-type inclusions
with major axes not shorter than 5 um.

In the above-mentioned embodiment, those particles of

11

VT NS e et R b M AR €00t AL IR0 ¢ ) AL L 1S 4 B RO ERRHE B A A AR LRI 0. LB | . A et A A 515 0 s S N PR S 11 , LA LR R B st 0 e S Lt Lty s D L B2 e o fine ¢ g meaes . ae e e el



CA 02355482 2001-08-21

sulfide-type 1inclusions with major axes not shorter than 5
um should have an average aspect ratio not larger than 5.2,
preferably not larger than 5.0, and more preferably not
larger than 4.5. With an average aspect ratio exceeding
the above-mentioned limit, the sulfide-type inclusions take
on an elongated shape rather than an approximately spheri-
cal shape; therefore, the resulting machine structure steel
1s poor in toughness in transverse direction. Incidentally,
the above-mentioned aspect ratio has no specific lower
limit. In other words, the particles of inclusions may be
spherical (with an aspect ratio of 1).

In the above-mentioned embodiment, the ratio of a/b
should be not larger than 0.25, preferably not larger than
0.20. With a value of a/b exceeding the above-mentioned
limit, the resulting machine structure steel contains a
large number of coarse sulfide-type inclusions and hence is
poor 1in toughness in transverse direction. Incidentally,
the value of a/b has no lower limit, and it may be 0.

The present invention is not concerned with sulfide-

type inclusians having major axes smaller than 5 um, be-

transverse direction.

The second embodiment of the present invention covers
a machine structure steel which satisfies the condition
that [Mgl/{S] 2 7.7 x 10° (where [ ] denotes the content

(mass%) of each component), those particles of sulfide-type

12
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PIRER

inclusions with major axes not shorter than 50 um have an
average aspect ratio not larger than 10.8, and a/b £ 0.25
(where a and b are defined as above).

In the above-mentioned second embodiment, those parti-
cles of sulfide-type inclusions with major axes not shorter
than 50 um should have an average aspect ratio not larger
than 10.8, preferably not larger than 10.5. With an aver-
age aspect ratio exceeding the above-mentioned limit, the
sulfide-type inclusions take on an elongated shape rather
than an approximately spherical shape; therefore, the re-
sulting machine structure steel is poor in toughness in
transverse direction. Incidentally, the above-mentioned
aspect ratio has no specific lower limit. In other words,
the particles of inclusions may be spherical (with an as-

pect ratio of 1).

Also, 1n the above-mentioned second embodiment, the
value of [Mg]/[S] should be not smaller than 7.7 x 10°°,
preferably not smaller than 1.5 x 10%. With a value smal-
ler than the specified 1limit, the resulting machine struc-
ture steel daes not sufficiently contain Mg oxides that
control the shape and size of sulfide-type inclusions and
hence contains a large number of coarse sulfide-type inclu-
sions which impair toughness in transverse direction. The
value of [Mg]/[S] has no specific upper limit; it is deter-
mined by the upper limit of the amount of Mg and the lower

limit of the amount of §.

The third embodiment of the present invention covers a

13
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machine structure steel which satisfies the condition that

([Mgl+([Cal)/[S] 2 7.7 x 10° (where [ ] denotes the content

(mass%) of each component), those particles of sulfide- type
inclusions with major axes not shorter than 50 um have an

average aspect ratio not larger than 10.8, and a/b £ 0.25

(where a and b are defined as above) .

In the above-mentioned third embodiment, the value of
([Mg]+([Ca])/[S] should be not smaller than 7.7 x 1077,

preferably not smaller than 1.5 x 10%. With a value smal-

ler than the specified limit, the resulting machine struc-
Cure steel does not sufficiently contain Mg and Ca oxides
that control the shape and size of sulfide-type inclusions
and hence contains a large number of coarse sulfide-type

inclusions which impair toughness in transverse direction.

The value of ([Mg]+{Cal)/[S] has no specific upper limit:

it is determined by the upper limit of the amount of Mg and

Ca and the lower 1limit of the amount of S.

Samples for measurements oflthe shape and size of
sulfide-type inclusions should be taken from that part of
the machine structure steel which is free from segregation
and aggregation of oxide-type and sulfide-type inclusions.

A mention is made below of the chemical components of

the machine structure steel of the present invention.

C : 0.01-0.7%

C is the most important element that determines the

strength of the final product. From this standpoint, the

lower limit of C content should be 0.01%, preferably 0.10%

14
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or above. However, the upper limit of C content should be
0.7%, preferably 0.55%, because an excessive C content has
an adverse effect on toughness and tool life.

Si1 : 0.01-2.5%

S1 functions as a deoxidizer and imparts high strength
to machine parts through solid-solution hardening. For Si
to produce its effect, the lower limit of Si content should
be 0.01%, preferably 0.03%. However, the upper limit of Si
content should be 2.5%, preferably 1.5%, because an exces-
sive Si content has an adverse effect on machinability.

Mn : 0.1-3%

Mn improves the hardenability of steel, thereby con-
tributing to strength. It also forms sulfide-type inclu-
sions, thereby contributing to chip disposability. From
this standpoint, the lower limit of Mn content should be
0.1%, preferably 0.3%. However, the upper limit of Mn
content should be 3%, preferably 2%, because an excessive
Mn content has an adverse effect on machinability.

S : 0.01-0.16%

S forms sulfide-type inclusions, thereby improving
chip disposability. From this standpoint, the lower limit
of S content should be 0.01%, preferably 0.03%. However,
the upper limit of S content should be 0.16%, preferably
0.14%, because excessive S forms sulfides (such as MnS)
from which c¢cracking propagate.

P : not more than 0.05% (0% inclusive)

P causes graln boundary segregation, thereby deterio-

15
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rating impact resistance. Therefore, the P content should
be not more than 0.05%, preferably not more than 0.02%.
Al : not more than 0.1% (0% inclusive)

Al i1s an important deoxidizer in steel making. It
also forms nitrides which make austenite grains fine.
However, excessive Al yields coarse grains, producing an
adverse effect on toughness. The upper limit of Al content
should be 0.1%, preferably 0.05%.

As. mentioned later in more detail, Al is an important
element in the present invention. It is added together
with Mg and Ca to molten steel at an adequate time in the
production process.

Mg : not more than 0.02% (0% not inclusive)

Mg functions as a deoxidizer. It forms fine oxides
which nucleate sulfide-type inclusions for their uniform
dispersion. The fine oxides dissolve in sulfide-type in-
clusions to form a solid solution, thereby preventing the
sulfide-type inclusions from elongating. An excess Mg
content leads to a higher production cost. The upper limit
of Mg content should be 0.02%, preferably 0.01%. Although
the lower limit of Mg content is not specified, an adequate
Mg content should be such that the value of [Mgl]/[S] is not
lower than 7.7 x 10, preferably not lower than 1.5 x 102.
Ca : not more than 0.02% (0% inclusive)

Although Ca 1s less effective than Mg in evenly dis-
persing sulfide-type inclusions, it effectively prevents

coarse sulfide-type inclusions from elongating. When added

16
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in combination with Mg, Ca enhances Mg’'s effect of prevent-
ing sulfide-type inclusions from elongating. Like Mg, Ca
increases production cost i1f added in an excess amount.

The upper limit of Ca content should be 0.02%, preferably
0.01%. Although the lower limit of Ca content is not
speclfied, an adequate Ca content should be such that the
value of ([Mg]+([Ca])/[S] is not lower than 7.7 x 10?3,
preferably not lower than 1.5 x 102,

Bl : not more than 0.3% (0% not inclusive)

Bl effectively improves machinability. Bi in an excess
amount does not produce any additional effect but deterio-
rates hot forgeability and mechanical properties. The
upper limit of Bl content should be 0.3%, preferably 0.1%.
Although the lower limit of Bi content is not specified, it
should preferably be 0.01% so that it produces its effect
as mentioned above.

The machine structure steel of the present invention
1s produced by the process explained in the following.

Crystallization of sulfide-type inclusions in Al-
killed steel is nucleated by Al,0,. Unfortunately, it is
known that Al,0, aggregates into coarse clusters in molten
steel. 1In other words, coarse Al,O0, leads to coarse sul-
fide-type inclusions.

In the process of the present invention, this problem
1s solved by adding a substantially Al-free Mg alloy to a
substantially Al-free molten steel. This alloy forms MgO

as oxide-type 1inclusions, and this MgO acts as nuclei of
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sulfide-type inclusions. MgO is less subject to aggrega -
tion and clustering than Al,0,. As the result, oxlide- type
inclusions become dispersed fine particles and sulfide-type
inclusions do not become coarse.

Upon cooling a molten steel containing a large'number
of MgO particles dispersed therein, MgO particles act as
nuclei of MgS and, upon further cooling, the resulting MgSs
particles in turn act as nuclei of MnS and other sulfide-
type inclusions. Alternatively, MgO particles act as nu-
clei of MgS and MnS. The consequence is that the resulting
sulfide-type inclusions contain a large amount of Mg and
hence they hardly deform (or elongate) at the time of roll-
ing. This contributes to a free-machining steel having
both good mechanical properties (impact strength in trans-
verse direction) and good chip disposability.

As mentioned above, Al,0, aggregates into coarse
clusters in molten steel. This is due to an extremely poor
wettability of Al,0, by molten steel. By contrast, MgO 1is
easlly wetted by molten steel; therefore, MgO does not form
clusters unlike Al,0,. This is because Mg0 has a smaller
interfacial surface energy than Al,O,. Japanese Patent No.
2684307 discloses a process of converting Al,O, 1n molten
steel into MgO Al,0, by adding Mg to the molten steel.
(There 1s an instance where the MgO'Al,0, is further con-
verted into MgO.) On account of their lower interfacial
surface energy, MgO Al,0, and MgO particles are small in

size and less liable to clustering. However, if Al,0, par-

18

Tt R bkt L e bl (R 1 L DRt | RN T A U TN A 15 1 e e L ke : : Ce e Kalyiade ey LG NI TR Lrh TS ¢ 0 At U e At SR M 5 [t e 8 €2paE e Tee vy e ee . .



CA 02355482 2001-08-21

ticles aggregate into coarse particles before Mg is added
to molten steel and Al,0, is converted into MgO Al,0,, the
molten steel contains coarse sulfide-type inclusions. This
does not hold in the present invention, in which a substan-
tially Al-free Mg alloy is added to a substantially Al-free
molten steel. The Mg alloy forms MgO, which disperses into
the molten steel. The MgO particles have a smaller inter-
facial surface energy than Al,0, particles and are small in
size and less liable to clustering. Therefore, even though
Al 1s added after the Mg alloy has been added, MgO Al,0,
and Al,0, hardly occur, because MgO has already occurred
when Al is added. 1In other words, Al does not function as
a deoxidizer but it makes crystalline particles fine during
working and heat treatment. Even though MgO changes into
MgO Al,0; or Al,0,-rich compound oxide of MgO and Al,0,, the
object of the present invention is achieved because this
reaction 1s very slow.

The process of the present invention also comprises a
step of sequentially adding a substantially Al-free Mg
alloy and a substantially Al-free Ca alloy to a substan-

tially Al-free molten steel. The sequential addition of Mg

and Ca forms Ca0O and CaS in molten steel. This Ca0O func-
tions as part of the oxide-type inclusions. Like MgO, it
acts as nuclei of sulfide-type inclusions. The Cas-

containing sulfide-type inclusions are less subject to
elongation (like Mg-containing sulfide-type inclusions) as

compared with Mg-free sulfide-type inclusions. Therefore,
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they contribute to the mechanical properties (particularly
impact strength in transverse direction) of steel by the
following mechanism. A large number of oxide-type inclu-
sions (such as MgO) formed in molten steel act as nuclei of
MgS and CaS. Upon further cooling, MgS and CaS nucleate
MnS and other sulfide-type inclusions. Alternatively,
oxide-type inclusions (such as MgO) act as nuclei of Mgs,
CaS, MnS, etc. As the result, sulfide-type inclusions
contain a large amount of Mg and Ca, and hence they are
less liable to deformation. 1In other words, they hardly
elongate at the time of rolling, and this property contrib-
utes to a free-machining steel having both good mechanical
properties (particularly impact strength in transverse
direction) and good chip disposability. For better effect,
Al may be added after Ca has been added.

The process of the present invention also comprises a
step of simultaneously adding a substantially Al-free Mg
alloy and a substantially Al-free Ca alloy to a substan-
tially Al-free molten steel, or a step of adding a substan-
tially Al-free Mg alloy earlier than a substantially Al-
free Ca alloy and then adding these two alloys in any order
as many times as necessary. The simultaneous addition of
Mg alloy and Ca alloy forms oxides containing MgO and CaoO,
which act as nuclei of sulfide-type inclusions. They are
not subject to aggregation and clustering, and hence the
resulting sulfide-type inclusions do not become coarse.

The second mode of addition improves yields and contributes
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to a free-machining steel having good mechanical properties
and good chip disposability. For better effect, Al may be
added after the Mg alloy and Ca alloy have been added.

In the case where a Ca alloy is added first, Ca reacts
with a trace amount of Al,0, present in molten steel to
form CaO Al,0,. This CaO’'Al,0, can act as nuclei of sul-
fide-type inclusions, but it tends to become coarse inclu-
sions and the resulting sulfide-type inclusions are also
coarse. Therefore, this mode of addition is a hindrance to
achieving the object of the present invention.

The molten steel used in the present invention should
preferably be one which is substantially free of Al. To be
more specilific, the upper limit of Al content in molten
steel 1s 0.005 mass%. Al present in excess of this limit
forms Al,0, before the addition of Mg. This is a hindrance
to achieving the object of the present invention.

It is desirable that the Mg alloy and Ca alloy used in
the present invention be substantially free of Al. To be
more concrete, the upper limit of Al content in the Mg
alloy and Ca .alloy should be 1 mass%. The smaller, the
better. If an alloy containing more than 1% Al is added to
molten steel, Al in the alloy combines with oxygen in the
molten steel, thereby forming Al,0,, which in turn forms
dggregates and clusters. This situation is similar to that
which occurs when Al is added first. Under this situation,
the object of the present invention is not achieved. Inci-

dentally, in the case where the Mg and Ca alloys are added
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all together, the upper limit of Al content in the two
alloys 1s 1.2 masss.

The method of adding Mg and Ca 1s not specifically
restricted. However, it is necessary to select an adequate
method whille keeping in mind the fact that Mg and Ca have a
high vapor pressure and are easily lost by evaporation and
oxidation. One way is to fill an iron wire with an Mg
alloy or Ca alloy in granular form and add the iron wire to
molten steel.  Another way is to blow the granular alloy
together with an inert gas into molten steel. In view of
poor retention of Mg and Ca in molten steel, the Mg alloy
and Ca alloy should be added in small portions several
times to molten steel in a ladle, tundish, or mold. This
l1s desirable from the standpoint of an efficient steel
making process.

Since Mg and Ca are easily oxidizable elements, it is
a desirable practice to cover molten steel with slag so as
Lo prevent their loss by oxidation with atmospheric air.

In this case, the slag should contain Mg0O in an amount not
less than 15 mass%, preferably not less than 20 mass%, to
supply sufficient nucleil for crystallization, because the
slag will absorb MgO and CaO (resulting from Mg and Ca
added) if it does not contain MgO and CaO. Likewise, in
the case of adding Ca to molten steel, it is a desirable
practice to use a slag containing Ca0O in an amount not less
than 15 mass%, preferably not less than 20 mass%.

The process of the present invention ends with casting

22
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the molten steel into a desired form. Casting is followed
by working in any known method without specific restric-
tions. For example, an ingot may be rolled into a steel
bar i1n such a way that the sectional area of the ingot is
decreased by 92-97%. Such working as forging and rolling
affects the shape of sulfide-type inclusions in steel.
However, the machiline structure steel of the present inven-
tion retains good chip disposability and toughness in
transverse direction even after such working so long as it
contains sulfide-type 1nclusions having the shape and size
within the above-mentioned range.

Incidentally, the present invention deals with sul-
fide-type 1nclusions which are not specifically restricted.
They include sulfides of Mn, Ca, Mg, Zr, REM, and other
elements (such as Ni, Cr, Cu, Mo, V, Nb, Ti, Zr, Pb, and
Bi). Sulfides may be 1n the form of compound sulfides,
carbide-sulfides, or acid-sulfides.

EXAMPLES

The i1nvention will be described in more detail with
reference to the following examples, which are not intended
to restrict the scope of the invention. Any modification
and changes may be made without departing from the scope of
the invention.

Thirteen steel samples varying in composition as shown
in Table 1 were prepared as follows.
® Process for samples Nos. 1 to 7. A molten steel produced

by a converter is given Si, Mn, and Cr at the time of tap-
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ping into a ladle. The molten steel in the ladle undergoes
vacuum degassing and deoxidizing. Then it is incorporated
with Si1i, Mn, Cr, and S (and Bi in No. 5). 1In this way
there is obtained a substantially Al-free molten steel.

The molten steel in the ladle is given a Ni-Mg alloy alone
Oor in combination with a Ni-Ca alloy. (To be concrete, an
iron wire filled with granules of the alloy is added to the
molten steel.)

¢ Process for samples Nos. 8, 9, and 13. A molten steel
produced by a converter is given Si, Mn, Cr, and Al at the
time of tapping into a ladle. The molten steel in the
ladle undergoes vacuum degassing and deoxidizing. Then it
1s 1ncorporated with Si, Mn, Cr, Al, and S. In this way
there 1s obtained a molten steel containing 0.02% Al. The
molten steel in the ladle is given a Ni-Mg alloy alone or
in combination with a Ni-Ca alloy. (To be concrete, an
iron wire filled with granules of the alloy is added to the
molten steel.)

® Process for samples Nos. 1, 3, 5, 6, 8, and 13. The
molten steel 1s shielded with a slag containing 25% MgoO.

® Process for'samples Nos. 2, 4, 7, and 9. The molten -
steel is shielded with a slag containing 25% MgO and 25% CaoO.

® Process for samples Nos. 10 and 12. A molten steel pro-

duced by a converter is given Si, Mn, Cr, Al, and Ni at the

time of tapping into a ladle. The molten steel in the
ladle undergoes vacuum degassing and deoxidizing. Then it
1s incorporated with Si, Mn, Cr, Al, S, and Ni. 1In this

24
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way there is obtained the desired molten steel.

® Process for sample No. 11. A molten steel produced by a
converter is given Si, Mn, and Cr at the time of tapping
into a ladle. The molten steel in the ladle undergoes
vacuum degassing and deoxidizing. Then it is incorporated
with 8i, Mn, Cr, and S. In this way there 1s obtained a
substantially Al-free molten steel. The molten steel in
the ladle is given a Ni-Ca alloy. (To be concrete, an iron
wire filled with granules of the alloy 1s added to the

molten steel.) Finally, Al is added so that the resulting

steel contains 0.02% Al.

Each molten steel was cast at 1580°C into an ingot
measuring 245 mm in top diameter, 210 mm in bottom diameter,
and 350 mm high and weighing 150 kg. The ingot was forged
at 1200°C into a round bar which has a diameter of 52 mm
corresponding to a reduction of area by 96%. Out of the

bar was cut a specimen, 30 mm long, for evaluation of the

following 1tems.

¢ Shape and size of sulfide-type 1nclusions
The specimen was cut in the direction in which sul-

fide-type inclusions were elongated. The cut surface was

observed under an image analyzer, Model LUZEX F™, made by

Nireco Co., Ltd. Sulfide-type inclusions in a visual field
of 5.5 x 5.5 mm (magnification of x100) were examined for
major axes and minor axes. The observed image underwent

binarizing processing, with the RGB level maintained at R

125/180, G : 110/180, and B : 120/180. The gray level was
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adequately adjusted according to brightness so that the
sulfide-type inclusions are clearly distinguished from the
matrix. Aspect ratios of individual particles were calcu-
lated from the measured major axes and minor axes. Their
average value was regarded as the aspect ratio of the sul-
fide-type inclusions in the specimen.
® Chip disposability

The specimen was tested for chip disposability by dry
drilling of a 10-mm deep hole at a cutting speed of 20
m/min and a feed speed of 0.2 mm/rev with a straight drill
(10 mm in diameter) made by high-speed steel. Chip dispos-
ability was rated in terms of the number of pieces in one
gram of chips, which was calculated from the total number
and weight of chips collected from three drilling holes.
® Toughness 1n transverse direction

Specimens (conforming to JIS 22202, No. 3) were cut
out of the steel samples according to JIS G0303. For meas-
urement of i1mpact strength in transverse direction, each
specimen was given a notch which 1is perpendicuiar to the
forging direction. Tests were carried out at normal tem-
perature according to JIS Z2242 with a Charpy impact tester
(vertical type, made by Tokyo Kouki Seizousho Co., Ltd.)

The results of the tests are shown in Tables 2 and 3.
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Table 2
Aspect ratio
Sample [MgJ/[S] (IMg]+[Ca])/(S) BT VR a/b
i | L @ B
1 0.015 0.015 4.2 0.8 0.16
2 0.015 0.030 4.3 9.5 0.17
I | e
3 0.030 0.030 3.9 10.4 0.15
! i N S e
4 0.023 0.050 4.3 9.5 0.18
5 0.025 0.025 4.3 10.0 0.17
- — ]
o) 0.007 0.007 4.2 11.2 0.15
— " 1_"'—“—“ —————ﬁ—'—'—w
7 0.005 0.007 4.4 11.0 0.17
R I TSNS, - —  b——— ——
8 | 0.015 0.015 4.5 10.5 0.26
9 0.016 0.030 ‘ 4.8 10.3 0.27
] 4 ,.
10 0 0 5.5 11.3 0.13
11 0 0.017 5.4 12.7 0.12
—— 4--—..__#.—_-1 PPV —— -+-~ cmrppp—_r e 7P S s e S V— S —=—
12 0 0 5.4 12.4 0.16
13 0.030 0.030 4.4 10.0 0.26

* Average aspect ratio of sulfide-type inclusions having major axes not shorter than 5 um.
* Average aspect ratio of sulfide-type inclusions having major axes not shorter than 50 um.

Table 3
samve | T | e
1 15.7 - 25 r
T s
3 | s T 18 .
4 |7 265 I s
5 226 o]
K »e T
7 | 157 T
g 127 T 7
K 13.7 ’ o
10 | 108 IYE—
1 11.8 "
12 147 -
1 196 | 7

AN FAUF i LR 3 1A T s e e e e
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Samples Nos. 1 to 7, which represent the working exam-
ples of the present invention, are superior in both tough-
ness 1in transverse direction and chip disposability as
noted from Table 3.

By contrast, samples Nos. 8 to 13, which represent the
comparative examples of the present invention, are not sat-
isfactory as noted from Table 3.

Samples Nos. 8 and 9 have the values of a/b which
exceed the upper limit specified in the present invention.
They are poor in toughness in transverse direction on ac-
count of a large number of coarse sulfide inclusions. The
reason for this 1s that they were prepared from an Al-con-
taining molten steel incorporated with Mg alone or Mg and
Ca 1n combination.

Sample No. 13, like samples Nos. 8 and 9, has the wval-
ue of a/b which exceeds the upper limit specified in the
present invention. They are superior to samples Nos. 8 and
9 1n toughness in transverse direction on account of the
lower S content. However, it is poor in chip disposability
for the same reason mentioned above. The overall result
lacks a balance between toughness in transverse direction
and chip disposability.

Samples Nos. 10 to 12 are characterized in that the
sulfide-type inclusions, regardless of whether their major
axes are not shorter than 5 um or not shorter than 50 um,
have an aspect ratio exceeding the upper limit specified in

the present invention. Therefore, they are poor in tough-
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ness in transverse direction. This is ascribed to the fact
that these samples do not contain Mg, which means that they
entirely or slightly lack oxides to control the shape of
sulfide-type inclusions. Thus, sulfide-type inclusions
eventually take on an elongated shape, which leads to low

toughness 1n transverse direction.

The above-mentioned results are graphed in Fig. 11,
with the number of chips plotted against toughness in
transverse direction. It 1s apparent that those samples

according to the present invention have a good balance

between these two properties.

([Effect of the invention] The present invention described
above provides a machine structure steel which exhibits

good chip disposability and mechanical properties despite

its freedom from lead.
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WHAT 1S5 CLAIMED 15:

1. A machine structure steel superior in chip

disposability and mechanical properties which contains

sulfide-type 1nclusions such that those particles of

sulfide-type inclusions with major axes not shorter than 5

pm have an average aspect ratio not larger than 5.2 and

F

which also contalns coarse particles of sulfide-type

inclusions such that the following relation is satisfied.

a/b £ 0.25

where, a denotes the number of particles of sulfide-

type inclusions with major axes not shorter than 20 pm, and

v denotes the number of particles of sulfide-type

inclusions with major axes not shorter than 5 um.

2. A machiline structure steel which satisfies the

condition that [Mg]/[S] 2 7.7 x 103,'where | | denotes the

0.

content 1n mass % of each component,

those particles of sulfide-type inclusions with major

axes not shorter than 50 um have an average aspect ratio
not larger than 10.8, and
a/b £ 0.25

where a denotes the number of particles of sulfide-

type inclusions with major axes not shorter than 20 um, and

r—

b denotes the number of particles of sulfide-type

inclusions with major axes not shorter than 5 um.

3. A machine structure steel which satisfies the

condition that [Mg] + [Cal/[S] 2 7.7 x 10°, where [ ]

Q-

denotes the content in mass % of each component,

o~

those particles of sulfide—-type inclusions with major

axes not shorter than 50 uym have an average aspect ratio

not larger than 10.8, and
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a/b £ 0.25

prie

where a denotes the number of particles of sulfide-

p—

type inclusions with major axes not shorter than 20 um, and

b denotes the number of particles of sulfide-type

inclusions with major axes not shorter than 5 um.

4. A machine structure steel as defined in Claim 1,
which contains in mass% 0.01-0.7% C, 0.01-2.5% S1, 0.1-3%

Mn, 0.01-0.16% S, 0 to 0.05% P, 0O to 0.1% Al, and >0 to
0.02% Mg.

5. A machine structure steel as defined in Claim 1,
which contains 1n mass% 0.01-0.7% C, 0.01-2.5% Si, 0.1-3%
Mn, 0.01- 0.16% S, 0 to 0.05% P, 0O to 0.1% Al, >0 to 0.02%
Mg, and 0 to 0.02% Ca.

6. A machine structure steel as defined in Claim 1,
which contains 1in mass % 0.01-0.7% C, 0.01-2.5% 81, 0.1-3%
Mn, 0.01-0.16% S, 0 to 0.05% P, 0 to 0.1% Al, >0 to 0.02%
Mg, and >0 to 0.3% B1.

7. A process for producing a machine structure steel,

the process comprising

adding a substantially Al-free Mg alloy to a

substantially Al-free molten steel to form a molten alloy;

and providing the steel of claim 1.

=

8. A process for producing a machine structure steel

as defined in Claim 7, whereln the process further

comprises adding Al to the molten alloy.

9. A process for producing a machine structure steel

e

as defined in Claim 7, wherein the process further
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comprises adding a substantially Al-free Ca alloy to the

molten alloy.

10. A process for produclng a machine structure steel

as defined in Claim 9, wherein the process further

comprises adding Al to the molten alloy after the addition

of the Ca alloy.

11. A process for producing the machine structure

steel as defined in claim 1, said process comprising a step

of adding a substantially Al-free Mg alloy and a

substantially Al-free Ca alloy all together one or more

times to a substantially Al-free molten steel, or said

F

process comprising a step of adding a substantially Al-free

Mg alloy earller than a substantially Al-free Ca alloy and

then adding these two alloys in any order one oOr more

times.

12. A process for producing a machine structure steel

as defined 1in Claim 11, said process further comprising a

step of adding Al after the addition of said Mg alloy and
said Ca alloy.

13. A process for producing a machine structure steel

as defined in Claim 7, sald process further comprises

maintaining a cover of slag over said molten steel, and

wherein said slag contains 15% or more MgO.

14. A process for produclng a machine structure steel

as defined in Claim 11, said process further comprises

maintaining a cover of slag over sailid molten steel, and

wherein said slag contains 15% or more MgO.
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15. A process for producing a machine structure
steel, the process comprising
adding a substantially Al-free Mg alloy to a

substantially Al-free molten steel to form a molten alloy;

adding a substantially Al-free Ca alloy to the molten

alloy;

than adding at least one of the Mg alloy and Ca alloy
one or more times to the molten alloy; and

producing the steel of claim 1.
16. The process as defined in claim 15, wherein the

process further comprises adding Al to the molten alloy

after the addition of the Mg alloy and the Ca alloy.

34



CA 02355482 2001-08-21

(zW2 /) NOILD3YIA ISHIASNVYHL NI SSINHONOL

O¢

S3TdINV X3
JAILVHVHNOD B

Sd1dNV X3 O

Ol
Gl

O¢

(PIECES PER GRAM)

NUMBER OF CHIPS



(INVHO d3dd $303id)
SdiHO dJ0 d38ANN

30 —

—

. O
=N
25 X
- O EXAMPLES
2\
\ B COMPARATIVE
O EXAMPLES
- N O
20 \
B \ O
N O O
AN
5 " ]
10 20 30

TOUGHNESS IN TRANSVERSE

DIRECTION (J/cm?)



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - drawings
	Page 39 - abstract drawing

