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slab Is also proposed. The titanium slab that is molded directly from an electron beam furnace has a warp of less than 5mm In the

direction of thickness of the slab and less than 2.5mm In the lateral direction per 1000mm length of the slab. In a method of melting
the titanium slab to be hot-rolled, molten metal is poured Iinto a mold having a rectangular shape that is placed inside an electron
beam furnace from a gate provided on the shorter side wall of the rectangle. Every corner of the rectangular mold is rounded.
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ABSTRACT

A titanium slab is appropriate for hot rolling, 1s produced by electron
beam melting furnace, has superior linearity so that it can be fed 1nto a hot
rolling machine without performing breaking down process or other subsequent
correcting process after production, and has good structure having no cracks at
the corner parts. A process for production thereof 1s also provided. The
titanium slab is directly produced by a mold of an electron beam melting furnace,
and has the deformation of not more than 5 mm for the thickness direction
versus the longitudinal direction and deformation of not more than 2.5 mm for
the width direction versus the longitudinal direction, both per a length ot 1000
mm of the slab. The process for production of this titanium slab for hot rolling
has a step of using an electron beam melting furnace in which its rectangular
mold has mold walls of a long side and mold walls of a short side, and a step of
pouring molten metal from one of the mold walls of a short side. Furthermore,

a mold having chamfered parts at the corner parts can be used 1n the process.
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DESCRIPTION

TITANIUM SLLAB FOR HOT ROLLING PRODUCED BY
ELECTRON-BEAM MELTING FURNACE, PROCESS FOR PRODUCTION
THEREOF, AND PROCESS FOR ROLLING TITANIUM SLAB FOR HOT
ROLLING

Technical Field

The present invention relates to a titanium slab produced by an
electron-beam melting furnace suitable for hot rolling, and relates to a process
for production thereotf.

Background Art

Manufacturers of titanium sponge or ingots have recently been inundated
with requests for production increase to satisfy greater demand of titantum metal.
Not only manufacturers of titanium sponge or ingots, but also manufacturers that
process titanium ingots into forged plate material, are in a similar situation.

A conventional general process for the production of a strip coil, which
is a kind of plate material processed from the titanium ingot mentioned above,
involves first melting titanium raw material by a consumable electrode type arc
melting method or an electron beam melting method, solidifying the melted
metal as a large titanium ingot, and then breaking down the ingot into a slab for
hot rolling.

This large ingot has a circular cross section having a diameter ot about 1
m 1n the case of the consumable electrode arc melting method. In the case of
the electron beam melting method, an ingot having a rectangular cross section
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can also be produced, and width of the rectangular cross section is about 0.5 to 1
m. Since the ingots have large cross section, these large ingots are broken
down by hot processes such as milling, forging, and rolling, to have a slab shape
so as to be enabled to be rolled by a hot rolling machine.

After the breaking down, a process for reforming the deformations for
the thickness direction and for the width direction (camber) and a process for
removing scale and damage on the surface are applied, thereafter a slab for hot
rolling can be obtained. This slab for hot rolling is to be heated to a
predetermined temperature and hot-rolled by a common hot rolling machine for
steel or the like, into a strip coil (thin plate). After that, this hot rolled strip coil
is to be annealed or descaled into a product, or is to be further cold-processed by
such method as cold rolling and annealing into a product.

The cost for producing thin plate coil is accordingly increased with the
number of production steps as mentioned above. Therefore, the manufacturer
of the titanium ingot is required to provide a titanium slab which leads to
shortening or improving the above steps.

On the other hand, recently, rectangular prism shape ingots have also
been produced by making a mold having a rectangular cross section in an
electron beam melting furnace. However, the thickness of the rectangular
prism ingot is not small enough to be processed directly by the hot rolling
machine without the breaking down process. Therefore, a process technology
in which a thinner rectangular prism ingot can be produced is required; however,
practical use in production has not yet been achieved.

That 1s, to produce a titanium slab having a thickness that can be directly
fed into a hot rolling machine by using a conventional electron beam melting
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furnace, a specially designed mold to produce such a titanium slab 1s first
required. However, in the case in which thickness of a conventional
rectangular mold is simply reduced during the production of the titanium slab in
the electron beam melting furnace, the titanium slab produced by the mold
would have deformations for the thickness direction and for the width direction
and would be wavy along the longitudinal direction. In such cases, the
titanium slab cannot be directly used with conventional hot rolling machine used
for rolling steel or the like.

When producing a strip coil by a conventional hot rolling machine for
steel or the like, properties of the material going through the machine (linearity)
would be impaired by the deformation of the slab, the material would be greatly
deformed up and down or left and right, the material would not pass through
straight, and continuous hot rolling could no longer be performed. Even it hot
rolling was performed, since the rolled material would strike a guide or a
feeding roll, the edge part would be cracked or the surface would be damaged.
In a case in which the deformation of the produced titanium slab is significant, it
would be necessary for the material to be processed and corrected by heating

and or by grinding to remove a certain portions from the material in the

thickness or width direction.

A process for production of rectangular prism ingot using an electron
beam melting furnace having a rectangular mold 1s disclosed in Patent
Document 1, for example. Fig. 1 of this publication discloses a situation in
which molten metal is poured from a mold wall of the longer. The Patent
Document 1 discloses an effect in which the rectangular prism ingot is produced
to improve rolling processing of the ingot; however, there are no technical

3



CA 02751697 2011-08-05

disclosures concerning linearity of the ingot in such terms as deformation of the
titanium slab produced by the rectangular mold.

However, upon considering existing production processes, a process
technology in which a titanium slab produced in an electron beam melting
furnace under reduced pressure is drawn out at atmospheric pressure has not yet
been in practical use. To draw out the slab, the electron beam 1irradiation
should be stopped and the inside of the furnace should be held at atmospheric
pressure, thus it is difficult to perform the electron beam melting process and the
process of drawing out the slab continuously.

As mentioned above, to directly produce a titanium slab appropriate for
hot rolling by an electron beam melting furnace, it is necessary to reasonably
solve the above-mentioned matters.

The Patent Document 2 discloses a method in which a titanium slab 1s
drawn out of a mold of an electron beam melting furnace, an electron beam is
irradiated to heat and melt the surface thereof, and the slab is rolled by a surface
shaping roll, so as to improve the surface of the casted slab.

According to Patent Document 2, since there is surface damage or large
oscillation marks in the case in which the slab 1s merely drawn out of the mold,
an electron beam, 1n the subsequent steps, 1s again irradiated to melt the surtace,
and the slab 1s rolled by the surface shaping roll to obtain a good casting surtace.
A sample of a rectangular prism titanium slab having a cross section of 180 mm
x 50 mm 1s exemplified.

However, Patent Document 2 does not disclose a technique concerning
linearity of the produced material, such as deformations for the thickness
direction and for the width direction of a titanium slab.

4
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In addition, the cross section of 180 mm x 50 mm as described is too
small to be processed by an industrial scale hot rolling machine such as for steel
to produce a strip coil.

Furthermore, in the Patent Document 2, it is necessary to further prepare
the surface shaping roll and the electron gun for heating the titanium slab 1n
addition to an electron beam melting furnace after the slab is drawn out of the
mold, and thus, there are cost issues to be solved.

Furthermore, recently, a technique in which a rectangular mold 1s
arranged in an electron beam melting furnace to produce a rectangular ingot has
been developed. A rectangular prism ingot is easier to be hot forged compared
to a round-shaped ingot, and thus efficiency of the forging process can be
improved.

Furthermore, a process for production of a slab in which thickness of the
ingot is further reduced has been researched; however, the slab produced have
cracks or damages at corners thereof, and thus it is necessary to improve the
situation.

In the case in which the slab is cracked or damaged, the damage may
remain at the surface of a thin plate after subsequent forging or rolling
processing, or the thin plate itself may be cracked. Furthermore, even if there
are no cracks or damages at corners, edges may be cracked during hot rolling in
the case in which the shape of the corner of the recutangular slab 1s not
appropriate. In this case, yields of the thin plate product may be greatly
reduced and improvement to overcome these problems has been required.

In this regard, a test in which cooling intensity at corners of the slab 1s
lessened by subjecting inside parts of a mold to the outside observed in
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continuous casting technique, to produce an ingot having an improved surface,
is disclosed in Patent Document 3.

Furthermore, a technique in which a cross section of the mold 1is formed
so as to decrease along the pulling direction of the slab to improve fitting
property of the mold and the slab, to improve the corner parts and surface of the
slab, is disclosed in Patent Document 4.

However, these techniques concern improvement of the surface of the
entire cast body, and problems about cracks generated at the corners of the
rectangular ingot are neither disclosed nor suggested. As explained, a
technique has been required in which a rectangular ingot having a good surface
and not having cracks or damage at the corners produced by the electron beam
melting furnace, can be reliably produced.

An object of the invention is to provide a titanium slab having properties
suitable for hot rolling, which can be directly fed into a hot rolling machine
without a breaking down process or subsequent correcting process after melting
in an electron beam melting furnace, and to provide a process for production

thereof.

Patent Document 1: Japanese Patent Application, Laid Open Publication
No. Hei 04 (1992)-131330
Patent Document 2: Japanese Patent Application, Laid Open Publication

No. Sho 62 (1987)-050047

Patent Document 3: Japanese Patent Application, Laid Open Publication

No. Hei 11 (1999)-028550

Patent Document 4: Japanese Patent Application, Laid Open Publication

No. Hei 04 (1992)-319044
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SUMMARY OF THE INVENTION

The inventors have researched to achieve the objects mentioned above
and have found that a titanium slab having superior linearity along a longitudinal
direction can be produced by pouring molten metal from one of the mold walls
of the short side, rather than from one of the mold walls of the long side, and
thus the present invention below has been completed.

That is, the titanium slab for hot rolling of the present invention is a
titanium slab directly produced from a mold of an electron beam melting furnace,
and has a deformation for the thickness direction of not more than 5 mm and a

deformation for the width direction of not more than 2.5 mm, both versus length

of 1000 mm of the slab.

Here, in the present invention, "the deformation for the thickness
direction versus the longitudinal direction” means maximal amount of
deformation along a vertical direction (thickness direction) versus a longitudinal
direction in the cross section of the slab, and the “the deformation for the width
direction versus the longitudinal direction” means the maximal amount of

deformation along a horizontal direction (width direction) versus a longitudinal

direction in the plan view of the slab.

In the titanium slab for hot rolling of the present invention, it is desirable
that a ratio (W/T) of the width (W) versus the thickness (T) be in a range from 2
to 10, and a ratio (L/W) of the length (L) versus the width be not less than 3.

In the titanium slab for hot rolling of the present invention, it is desirable
that the thickness thereof be 1n a range from 150 to 300 mm, the width thereot
be not more than 1750 mm, and the length thereof be not less than S000 mm.
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In the titanium slab for hot rolling of the present invention, it is desirable
that chamfered parts having radius of curvature in a range of 5 to 50 mm be
formed at corner parts.

It is desirable that the titanium slab for hot rolling of the present
invention be produced by melting titanium in a hearth of an electron beam
melting furnace to form molten metal in the hearth, and pouring the molten
metal into a rectangular mold from one of the mold walls of a short side of the
rectangular mold arranged downstream of the hearth.

It is desirable that the titanium slab for hot rolling consist of pure
titanium or titanium alloy. Here, the pure titanium means a product
corresponding to Japanese Industrial Standard (JIS) No. 1 to No. 4. In addition,
the titanium alloy means a titanium material in which metallic elements other
than pure titanium 1s purposely added.

In the process for production of a titanium slab for hot rolling of the
present invention, it is desirable to use an electron beam melting furnace in
which its rectangular mold has mold walls of a long side and mold walls of a
short side, and to pour molten metal from one of the mold walls of a short side.

In the process for production of the titanium slab for hot rolling, it 1s
desirable that the intensity of the electron beam irradiated at the surtace of the
poured molten titanium pool in the rectangular mold is controlled in the manner
in which the intensity decreases from the shorter side wall of the mold to the
opposite shorter side of the mold where the molten metal 1s poured.

In the process tor production of the titanium slab for hot rolling, it 1s
desirable to use a mold in which chamfered parts are formed at corners of the
rectangular mold and the shape of the chamfered part 1s formed so as to be

8
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shaped similar to the equilibrium solid phase line which is the interface between
the molten metal pool in the mold and the surrounding solidified phase.

In the process for production of the titanium slab for hot rolling, it is
desirable to use a mold in which chamfered parts are formed at corners ot the
rectangular mold, the chamfered parts are part of a circular arc, and radius of
curvature (rc) of the circular arc in a range of 2 to 50 mm.

In the process for production of the titanium slab for hot rolling, it 1s
desirable that a mold be used in which a ratio (W/D) of the width (W) versus the
thickness (D) of the rectangular mold is in a range from 2 to 10.

In the process for production of the titanium slab for hot rolling, it 1s
desirable to use a mold in which the radius of curvature (rc) of the chamfered
parts of the rectangular mold has a proportional relationship with a ratio (o) of
the mold wall of a short side versus the mold wall of a long side.

In the process for rolling a titanium slab for hot rolling, it is desirable
that the above-mentioned titanium slab for hot rolling be hot rolled into a strip
coil by a hot rolling machine.

In the process for rolling a titanium slab for hot rolling, 1t 1s desirable
that the rolling machine be one selected from a tandem rolling machine, a
Steckel rolling machine, and a planetary rolling machine.

By the present invention, since the deformation of the titanium slab is
extremely reduced, the titanium slab for hot rolling has superior linearity along a
longitudinal direction so that the slab can be fed into a hot rolling machine
directly without processing in a breaking down process or subsequent other
correcting process. The present invention also provides a process for

production of such a titanium slab.
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A titanium slab produced by the above-mentioned apparatus and process
has superior linearity along a longitudinal direction, and as a result, hot rolling
can be reliably realized by a common hot rolling machine for steel or the like.
Furthermore, the breaking down process or correcting process for the titanium
slab along longitudinal direction can be omitted, and as a result, the time

required to process a titanium thin plate can be greatly reduced.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 is a conceptual diagram showing the shape of the titanium slab for
hot rolling.

Fig. 2 is a conceptual diagram showing the deformation for the thickness
direction of the slab versus a longitudinal direction.

Fig. 3 is a conceptual diagram showing the deformation for the width
direction of the slab versus a longitudinal direction.

Fig. 4 i1s a diagram showing a cross sectional view of the rectangular
mold and showing the mold walls of a long side and a short side, and the wall
from which the molten metal is poured. Specifically, Fig. 4A 1s a diagram
showing a situation of pouring the molten metal from the mold wall of a short
side, and Fig. 4B is a diagram showing a situation of pouring from a long side.

Fig. 5 1s a diagram showing the main device structure of the electron
beam melting furnace.

Fig. 6 1s a conceptual diagram showing a situation during melting of the

titanium slab in the rectangular mold of the invention.

EXPLANATION OF REFERENCE NUMERALS
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1: Electron gun, 2: Electron beam, 3, 31: Rectangular mold, 32: Molten pool, 33:
[sothermal line, 34: Solid phase, 35: Equilibrium solid phase line, 4: Hearth, 5:
Molten metal, 6: Molten pool, 7: Slab, 8: Pullout base, 9: Pullout shaft, 10: Raw

material, 11: Melting chamber, 12: Ingot chamber, 20: Gate valve.

EMBODIMENTS OF THE INVENTION

Desirable embodiments of the present invention are explained below
with reference to the drawings.

Fig. 1 conceptually shows the shape of the titanium slab for hot rolling of
the present invention. Furthermore, Figs. 2 and 3 respectively show a diagram
explaining the deformation for the thickness direction of the slab along a
longitudinal direction and the deformation for the width direction (camber) ot
the slab versus the longitudinal direction.

The titanium slab for hot rolling produced by the method of the invention
is first placed on a board having a smooth surface to confirm the deformation for
the thickness direction and the deformation for the width direction thereof.

That is, the titanium slab is rocked 1n a vertical direction to confirm degree ot
deformation along the vertical direction, distances between the board and corner
parts which are floating above the board and are an opposite edge side of the
board are measured, and the maximal value among the measured values ot
distance 1s defined as “ the deformation for the thickness direction ” as shown 1n
Fig. 2.

Similarly, moving along edge surface of the titanium slab in a
longitudinal direction placed on the board, an amount of displacement against a
line indicated on the board along longitudinal direction of the slab is measured,

11
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and the maximal value among the measured values thereof is defined as
“curving” as shown 1n Fig. 3.

Fig. 4 is a plane view of the rectangular mold in the electron beam
melting furnace that is used to melt and produce the titanium slab. The
rectangular mold has a pair of mold walls of a short side and a pair of mold
walls of a long side, and in the present invention, it is desirable that the molten
metal be poured from one of mold walls of a short side as shown in Fig. 4A.

As a result, the titanium slab having superior linearity along a longitudinal
direction can be produced. The linearity exhibits the deformation for the
thickness direction of not more than 5 mm and the deformation for the width
direction of not more than 2.5 mm, per a length of 1000 mm of the slab. This
is a quality that sufficiently ensures reliable properties of material going through
a common hot rolling machine for such as steel or the like.

Conventionally, there was a method in which the molten metal was
poured from one of the mold walls of a long side, as shown in Fig. 4B, so that
the molten metal was reliably poured without escaping from the inner area
surrounded by mold walls. In this case, if the deformation for the thickness
direction of the slab is more than 5 mm (per 1000 mm length), the necessary
linearity might not be obtained. The reason for this 1s considered to be because
differences in temperature are greatly generated between the mold wall from
which the molten metal is poured and the mold wall facing to the other, and the
difference 1n temperature and degree of cooling become great along a thickness
direction which is the thin direction of the slab.

By pouring the molten metal from the mold wall of a short side as in the
present invention, as 1s obvious from Fig. 4A, since the mold is thin, two corner

12
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parts of the mold are very close to the point where the molten metal is poured.
The corner part of the mold has higher cooling ability compared to the plane part,
and has an action of attenuating differences in temperature generated by pouring
the molten metal. By this action, symmetric property of cooling is increased,
and the deformation for the thickness direction and the deformation for the

width direction are considerably reduced. Furthermore, since the molten metal
is poured from the mold wall of a short side, distribution of temperature
regarding mold walls of a long side that are mutually facing becomes symmetric,
and as a result, deformation along a thickness direction which is a thin direction
of the slab is considered to be unlikely to occur.

In the present invention, upon melting and producing the titanium slab, 1t
is desirable to irradiate an electron beam so that the intensity of an electron
beam irradiated at the surface of the poured molten titanium pool in the
rectangular mold is controlled in the manner which decreases the intensity from
the shorter side wall of the mold to the opposite shorter side of the mold where
the molten metal 1s poured.

Since the temperature is high at the mold wall of a short side of pouring
the molten metal and the temperature 1s low at the other mold wall ot a short
side distant and facing to the mold wall of pouring the molten metal, by heating
the molten titanium pool in the rectangular mold with the above-mentioned
irradiation pattern, distribution of temperature along a width direction of the
titanium slab can be uniformly maintained. As a result, deformation of the
produced titanium slab can be further etficiently reduced.

In practice, in the titanium slab for hot rolling produced by the apparatus
and method according to the above-mentioned electron beam pattern of the

13
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present invention, the deformation for the thickness direction can be controlled
within not more than 5 mm and desirably not more than 2 mm and the
deformation for the width direction can be controlled within not more than 2.5
mm and desirably not more than 2 mm, versus a length of 1000 mm of the slab.
Thus, the property of material going through the machine can be turther
stabilized.

In addition, in the case in which surface damage such as convex and
concave parts existing on the surface of the titanium slab 1s required to be
removed by grinding or the like, since the deformation for the thickness
direction and the deformation for the width direction of the slab 1s small,
efficiency of correcting can be improved and amount of grinding can be
reduced.

The titanium slab for hot rolling of the present invention is characterized
in that it is directly produced from the electron beam melting furnace. Since
the titanium slab is controlled at an appropriate thickness for rolling at an early
step of melting and producing, not only is no breaking down process, which 1s
required to produce a slab from a conventional ingot, necessary any longer, but

also correcting or machine processing such as grinding is not necessary since the
deformation for the thickness direction and the deformation for the width

direction of the titanium slab right after production 1s extremely small.

The titanium slab of the present invention is a titanium slab for hot
rolling directly produced from the electron beam melting furnace, and it is
desirable that a ratio (W/T) of the width (W) versus the thickness (T) of the
titanium slab for hot rolling be in a range from 2 to 10 and a ratio (L/W) of the
length (L) versus the width be not less than 5. In practice, it is desirable that

14
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the thickness of the titanium slab (T) be in a range of 150 to 300 mm, the width
(W) be not more than 1750 mm, and the length (L) be not less than 5000 mm,
more desirably not less than 5600 mm, and even more desirably not less than
6000 mm, and most desirably not less than 7000 mm.

In the case in which the ratio (W/T) of the width (W) versus the
thickness (T) of the titanium slab is less than 2, the titanium slab 1s too thick
compared to the width, and it is not desirable for the degree of spreading ot
width during hot rolling to be too large and the edge part to be cracked. In
particular, in a case in which the thickness is greater than 300 mm, the free
surface during hot rolling may be larger, wrinkles at a side surface may be deep,
and cracks at the edge part may be promoted.

In a case in which the thickness of the titanium slab is less than 150 mm,
the temperature of the slab may be greatly decreased during hot rolling,
properties of material going through the machine may be deteriorated, and the
edge parts may be cracked. Furthermore, during casting of the slab, linearity
cannot be maintained because of the weight of the titanium slab itself, and it

may be difficult to continue smoothly melting and producing the titanium slab

(See desirable main device structure of the electron beam melting furnace shown

in Fig. 5 mentioned below).

On the other hand, in the case in which the ratio (W/T) of the width (W)
versus the thickness (T) of the titanium slab is greater than 10, thickness of the
slab which 1s pulled out of the mold may be too thin, and it is not desirable that
1t not be sufficiently strong so as to withstand drawing. In a case in which the
thickness of the titanium slab is greater than 300 mm or the width 1s greater than
1750 mm, a rolling load in hot rolling may become larger, and it is not desirable

15
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if the slab cannot be directly rolled by a common hot rolling machine any
longer.

In the titanium slab for hot rolling of the present invention, from the
viewpoint of production efficiency in the case in which the titanium slab for hot
rolling is melted and produced by the electron beam melting furnace and from
the viewpoint of a property of material going through the machine reliably 1n the
case in which the slab is rolled into a strip coil by a common hot rolling machine
for steel or the like, it is desirable that a ratio (L/W) of the length (L) of the
titanium slab for hot rolling versus the width (W) be not less than 5 and that the
length of the slab be not less than 5000. In a case in which L/W of the slab 1s
small and the length is short, since the intensity of titanium is so low, that s,
60% that of steel, the slab may easily oscillate by a return action from a feeding
roller or the like, and as a result, there may be a case in which the surface of the
slab is damaged after hot rolling. Furthermore, in a case in which the length is
less than 5000 mm, it is not desirable that the strip coil be difficult to be fitted
and ted to a roll of the next step.

Furthermore, in a case in which the titanium slab is melted and produced
continuously by the electron beam melting furnace, when casting of a first slab
1s completed, a vacuum chamber for the first slab is replaced by a vacuum
chamber for next slab. The vacuum chamber for the first slab which 1s
substituted requires a time for replacement in which the titanium slab at high
temperature 1s cooled and the slab 1s taken out after that. To improve
production efficiency, the time for completing casting of one titanium slab
requires more than the time for replacement. Considering the amount of heat
that can be supplied by an electron beam under these conditions, it is desirable
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that L/W be not less than 3.

Fig. 6 is a diagram of which the mold 3 in Fig. 5 is seen from above.

As shown in Fig. 6, in the present invention, it is desirable to use a mold in
which chamfered parts are formed at corners of the rectangular mold 31 and the
shape of the chamfered part is formed so as to be homothetic with an
equilibrium solid phase line 35 which is an interface of the molten metal 32
formed in the rectangular mold and the solidified shell 34 formed at outer
circumference thereot.

Here, the equilibrium solid phase line 35 means an interface of the solid
phase 34 and the liquid phase 32 formed in the rectangular mold 31, and
corresponds to a line connecting points each having a temperature corresponding
to a solidifying point of the molten metal. Generally, solid phase and liquid
phase coexist at the melting point of a metal; however, the outer circumference
of the mold pool 32 shows a solid phase, and therefore, this isothermal line 1s
defined as the equilibrium solid phase line 35 1n the present invention.

The above-mentioned equilibrium solid phase line 35 forms a line
parallel to the mold wall at long side parts and short side parts of the mold.
However, at the corner parts, it forms a curve that 1s convex to an outer
circumference. The present invention focused on the shape of the curve, and it
1s desirable that the shape of the corner parts of the rectangular mold 31 be
formed so as to be homothetic with an equilibrium solid phase line 35 formed in

the rectangular mold 31.

By torming the corner parts so as to correspond to the equilibrium solid
phase line, since a heat flow by heat absorption from the mold pool 32 to the
water cooling mold 31 i1s formed in a direction vertical to the inner surface of the
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mold, a casting structure which is formed accompanied by this is also formed
along the heat flow, and thus an ingot having a uniform soliditied structure can
be produced.

Furthermore, in the present invention, the chamfered part ot the corner
parts of the rectangular mold 31 can be constructed by a part of circular arc. In
the present invention, it is desirable that the radius of curvature (rc) of the arc ot
the chamfered part be in a range from 2 to 50 mm.

In the case in which the radius of curvature of the arc forming the
chamfered part of the corner parts are more than the maximal value of S0 mm,
despite the solidified structure of the corner parts of the titanium slab produced
being able to be maintained well, it is not desirable that properties of uniformity
of thin plate formed by rolling or the titanium slab be deteriorated.

Furthermore, it 1s not desirable that the slab may be broken out from inside since
a rate of cooling and solidifying of the corner parts of the slab are decreased.

On the other hand, in the case in which the chamfered part having a radius of
curvature less than the minimal value of 2 mm is formed, since heat absorption
from the slab to the corner parts of the mold is large, it becomes difficult to

improve the surface of the slab, and it is not desirable that the corner parts of the

titanium slab itself produced may crack or be damaged.

Theretore, 1n the present invention, the radius of curvature of the arc
forming the chamfered part of the corner parts of the rectangular mold 31 is
desirably set in a range of 2 to 50 mm, and more desirably in a range from 5 to
30 mm. By forming the inner surface of the mold with a smooth curvature in
the range, a titanium slab having good solidified structure not having cracks or

damage at the corner parts can be produced.
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In the present invention, it is desirable that the radius of curvature (rc) ot
the chamfered part be formed so as to be proportional to a ratio (o) of length ot
the mold wall of a short side versus length of the mold wall of a long side.

That is, it is desirable to form a larger chamfered part as the thickness of the
ingot produced is increased. By this construction, the present invention can be
adapted to rectangular molds of various shapes.

In the present invention, a ratio (W/D) of the width (W) versus the
thickness (D) of the mold is desirably in a range of 2 to 10, and more desirably
In a range of 2.5 to 8.

The shape of the mold used in the present invention is desirably
rectangular, and the thickness of the mold is desirably thinner from the
viewpoint of subsequent rolling processes. However, it is not desirable for the
thickness to be too small since the amount of heat absorption by the
water-cooled copper wall of the mold 1s increased and the amount of heat
required to supply to the mold pool is also increased.

Therefore, the size of the mold has its upper and lower limits, in the
present invention, and as a result of various research, the upper limit of the ratio
(W/D) of the width versus the thickness of the mold is 10. In a case in which
the width of the mold is short so that the ratio is greater than the upper limit, the
amount of heat absorption from the mold pool by the mold may be increased and
the heating amount by the electron beam corresponding to the amount of
absorption may also be undesirably increased. On the other hand, in the case in
which the ratio (W/D) is less than the lower limit 2, the cross section of the slab
may become a regular square, the relationship of the width and thickness of the
mold become closer, and the effect of the present invention cannot be obtained
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any longer. Furthermore, in the case in which the ratio is less than 1, the
relationship of the width and thickness are the reverse, and this makes no sense
for the invention. By setting the ratio (W/D) of the width versus thickness ot
the mold in the range of 2.5 to 8 desirably, even in a case in which the mold 1s
deformed in some extent, a slab having the target width and thickness can be
reliably produced.

In the present invention, in the case in which electron beam is irradiated
to a pool part close to the chamfered parts of the mold pool 32 held 1n the
rectangular mold 31, it is desirable that the electron beam have a pattern that 1s
homothetic with the shape of the chamfered part of the rectangular mold 32 to
the chamfered parts.

Furthermore, in a case in which the chamfered part is formed by part of a
circular arc, it is desirable that the pattern of the electron beam also be circular,
and that the radius of the circle be the same as the radius of curvature ot the
circular arc forming the chamfered part.

By 1rradiating the electron beam having the above-mentioned pattern on
the mold pool 32, heat energy can be put into every corner of the chamfered
parts of the rectangular mold 31, and as a result, the surface of the corner parts
of the titanium slab produced can also have a good solidified structure not
having cracks or damage.

As the titanium slab mentioned above, pure titanium and titanium alloy
can be employed. In practice, the present invention can be employed in the
case in which a titanium slab is produced by using raw material of titanium
sponge, and 1n the case in which a titanium alloy slab is produced by using
titanium sponge and an additive of an alloy component.
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Next, desirable process for production of titanium slab is explained with
reference to Fig. 5. Fig. 5 shows the main device structure of the electron
beam melting furnace appropriate for production of the titanium slab of the
present invention. In the present invention, titanium raw material 10 1s placed
in a hearth 4 and forms molten metal 5 by being heated and melted by electron
beam 2 emitted from an electron gun 1 arranged at the top of the electron beam
melting furnace. The molten metal 5 1s continuously poured into a mold 3
arranged downstream of the hearth 4.

The molten metal 5 continuously poured into the mold 3 is joined
together with titanium pool 6 formed inside the mold 3, and titanium slab 7
which solidifies downward as the titanium pool 6 1s continuously drawn out.
This process is performed so that the surface of the titanium pool 6 is maintained
at a certain level.

The hearth 4 and the mold 3 are arranged in the melting chamber 11 and
are apart from the atmosphere, and inside the melting room is kept at reduced
pressure. The titanium slab 7 pulled out from the lower side of the mold 3 1s
continuously fed into the ingot chamber 12 which is fittingly arranged at a lower
part of the melting chamber 11. It 1s desirable that the inside the ingot chamber
12 also be maintained at a reduced pressure similar to that of the melting
chamber 11. By maintaining the reduced pressure condition, air is effectively
prevented from entering from the ingot chamber 12 to the melting chamber 11.

After the titanium slab 7 is drawn out of the mold 3 completely into the
ingot chamber 12, it is desirable that gate valve 20 be actuated to cut off the
interface of the melting chamber 11 and the ingot chamber 12.

Next, 1t 1s desirable that argon gas be filled in the ingot chamber 12 to
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recover pressure inside the ingot chamber 12 until a normal pressure is reached,
and that the temperature inside the ingot chamber 12 be cooled to a temperature
near room temperature.

The titanium slab 7, which is cooled to room temperature, 1s drawn out
into the normal atmosphere from the opening door arranged on the 1ngot
chamber 12, not shown 1n the figure.

In the present invention, from the viewpoint of maintaining a desirable
length of the titanium slab, it is desirable that the length of the ingot chamber 12
be maintained to be at least not less than S000 mm.

In the present invention, it is desirable that the thickness of the mold 3 be
constructed so as to melt and produce the titanium slab 7 appropriately, 1n
particular, in a range from 150 to 300 mm.

Furthermore, it is desirable that the ratio (W/T) of the width (W) versus
the thickness (T) of the rectangular mold be in a range from 2 to 10. By using
the rectangular mold having the above-mentioned shape, the titanium slab
produced can be fed directly into a common hot rolling machine for steel or the
like.

Next, after the titanium slab drawn out of the electron beam melting
furnace shown 1n Fig. 3, is processed in a process in which an attached material
or convex and concave part 1s removed by grinding or the like, by heating the
titanium slab, and teeding it into the hot rolling machine with maintaining high
temperature, 1t can be hot-rolled 1nto a strip coil.

In the present invention, as the above-mentioned rolling machine, a
tandem rolling machine, a Steckel rolling machine, and a planetary rolling
machine can be desirably selected and used. In particular, the tandem rolling
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machine can be desirably used both in a rough rolling and in a finish rolling
while the titanium slab is hot rolled into a strip coil.

By the titanium slab melted and produced by the electron beam melting
furnace mentioned above, a hot rolling machine owned by a steel manufacturer
can be appropriately used, and as a result, hot rolled titanium coils having

superior quality can be produced.

EXAMPLE
Example 1
1. Raw material: Titanium sponge
2. Melting apparatus:
1) Electron beam output

Hearth side: 1000 KW maximum

Mold side: 400 KW maximum
2) Rectangular mold

Size: Thickness 270 mm x Width 1100 mm

Structure: Water cooled copper
3) Direction of pouring molten metal to the mold: From the mold wall of a short
side of a rectangular mold

Using the above-mentioned apparatus and raw material, a total of 5
titanium slabs each having a width of 1100 mm, a thickness of 270 mm, and
lengths ot 5600, 6000, 7000, 8000, and 9000 mm were produced. Measuring
the detformation for the thickness direction and the deformation for the width
direction along a longitudinal direction of the titanium slab performed in the
way as mentioned above, the deformation for the thickness direction was 0.5 to
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4 mm and the deformation for the width direction was 0.5 to 2 mm per 1000 mm
length of the slab, and thus linearity of the titanium slabs was sufficient to feed
them into the hot rolling machine in the subsequent processes.
Example 2

In addition to conditions in Example 1, along the width direction of the
rectangular mold, the intensity of the electron beam irradiated to the surface ot
the poured molten titanium pool in the rectangular mold 1is controlled in the
manner which decreases the intensity from the shorter side wall of the mold to
the opposite shorter side of the mold where the molten metal is poured, to
maintain the surface temperature of the rectangular mold pool uniform, and
melting and production was performed. As a result, the deformation for the
thickness direction and the deformation for the width direction of the titanium
slab produced were both reliably minimized, and the warping was not more than
2 mm.
Example 3

After finishing the surface of the titanium slab produced in the Example
1 by grinding, the titanium slab was fed to a hot rolling machine for steel, to
obtain strip coils having thicknesses of 3 to 6 mm. Furthermore, the strip coils
were descaled by shot blasting and by washing with nitric acid and hydrofluoric

acid, and were cold-rolled to finally obtain thin plates having thicknesses of 0.3
to 1 mm efficiently.

Example 4
Except that aluminum-vanadium alloy was added to the titanium sponge
to produce a 3Al — 2.5V (Japanese Industrial Standard No. 61) alloy slab, in a

manner simtlar to that of Example 1, a total of 5 titanium alloy slabs each having
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a width of 1100 mm, a thickness of 270 mm, and lengths of 5600, 6000, 7000,
8000, and 9000 mm were produced. Linearity of the titanium alloy slabs was
sufficient to feed them into the hot rolling machine in subsequent processes.
Example 5

A pure titanium slab was produced using the mold shown 1n Fig. 6,
having a cross section of corner parts is formed in a shape homothetic to an
equilibrium solid phase line. As a result of observing the surface of the slab
after production, the solidified structure was good, and there was no cracking or
damage. In addition, 1 mm of the surface layer of the slab was cut off and the
slab was rolled to produce thin plates, and there was no cracking or damage. It
should be noted that the yield of the slab after cutting off the surface was 98 %.
Comparative Example 1

Except that the molten metal was poured from the mold wall of a long
side of the rectangular mold, in a manner similar to that of Example 1, a
titantum slab was produced. As a result, the titanium slab having
predetermined length could be produced smoothly; however, the deformation tfor
the thickness direction was 6 to 15 mm and the deformation for the width
direction was 3 to S mm per 1000 mm length, and the slab could not be fed into
a hot rolling machine as i1t was. Therefore, processing by a correcting machine

to improve linearity was necessary, and then a thin plate coil could be obtained.

Comparative Example 2

Except that a conventional mold in which the inside is also rectangular
was used instead of the mold of the present invention in which the inside was
constructed by a curved surface, in a manner similar to that of Example 5, the
titanium slab was produced. As a result, the surface of a parallel part of the
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slab was in good condition; however, the surface was rough around the corner
parts and there were fine cracks observed. Then, the surface was ground 5 mm
and rolled to produce thin plate. There was no cracking or damage generated.
However, because of the grinding process performed before rolling, the yield
was decreased to 95%.

By the present invention, high quality titanium slabs can be directly
produced using an electron beam melting furnace, and this thus contributes to

reducing the production costs of titanium products.
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CLAIMS

1. A titanium slab for hot rolling directly produced through a mold of an

electron beam melting furnace, which has deformation of not more than 5 mm
for the thickness direction versus the longitudinal direction and deformation of
not more than 2.5 mm for the width direction versus the longitudinal direction,

both per a length of 1000 mm of the slab.

2. The titanium slab for hot rolling according to claim 1, wherein a ratio
(W/T) of the width (W) versus the thickness (T) of the titanium slab for hot
rolling is in the range from 2 to 10 and a ratio (L/W) of the length (L) versus the

width is not less than 5.

3. The titanium slab for hot rolling according to claim 2, wherein the
thickness thereof is in the range from 150 to 300 mm, the width thereof is not

more than 1750 mm, and the length thereof 1s not less than 5000 mm.

1. The titanium slab for hot rolling according to claim 1, wherein
chamfered parts having radius of curvature in the range from 5 to 50 mm are

formed at corner parts of the titanium slab for hot rolling.

. The titanium slab for hot rolling according to one of claims 1 to 4,

wherein the titanium slab 1s pure titanium or titanium alloy.

6. A process for production of a titanium slab for hot rolling,
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using an electron beam melting furnace, in which a rectangular mold is
equipped, and

pouring molten metal from the top of shorter side wall of the mold.

7. The process for production of the titanium slab for hot rolling according
to claim 6, wherein intensity of electron beam irradiated to the surtace of the
poured molten titanium pool in the rectangular mold is controlled in the manner
which decreases the intensity from the shorter side wall of the mold to the

opposite shorter side of the mold where the molten metal is poured.

8. The process for production of the titanium slab for hot rolling according
to claim 6 or 7, wherein chamfered parts are formed at corners of the rectangular
mold and the chamfered part is shaped similar to the equilibrium solid phase line
which is the interface between the molten metal pool in the mold and the

surrounding solidified phase.

9. The process for production of the titanium slab for hot rolling according

to claim 6 or 7, wherein a mold 1s used in which chamfered parts are formed at
corners of the rectangular mold, the chamfered parts are part of circular arc, and

the radius of curvature (rc) of the circular arc is in a range of 2 to S0 mm.

10.  The process for production of the titanium slab for hot rolling according
to one of claims 6 to 9, wherein the mold is used in which a ratio (W/D) of the
width (W) versus the thickness (D) of the rectangular mold is in the range from

2 to 10.
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11.  The process for production of the titanium slab for hot rolling according
to one of claims 6 to 10, wherein a mold 1s used in which the radius of curvature
(rc) of the chamfered parts of the rectangular mold has a proportional

relationship with a ratio (o) of the length of a short mold wall versus that of the

long mold wall.

12. A process for rolling a titanium slab for hot rolling, comprising a step in
which the titanium slab for hot rolling according to one of claims 1 to 5 1s hot

rolled to a strip coil by a hot rolling machine.
13.  The process for rolling a titanium slab for hot rolling according to claim

12, wherein the rolling machine 1s one selected from a tandem rolling machine,

a Steckel rolling machine, and a planetary rolling machine.
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Fig. 6
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