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(57) ABSTRACT 

Methods and associated apparatus for semi-continuous cast 
ing of hollow ingots are described. In one embodiment a 
method for the semi-continuous casting of a metallic hollow 
ingot is provided. The method includes providing a mold 
comprising a mold center having an inner pipe and an outer 
pipe arranged to form an annular space for a cooling media 
and an outer mold, circulating a cooling media in the annular 
space, feeding a source material to the mold, heating the 
Source material to produce a molten material, moving the 
mold center progressively downward relative to the outer 
mold, and solidifying the molten material to form a hollow 
ingot. Embodiments relating to an apparatus for semi-con 
tinuous casting of hollow ingots, and products resulting from 
the semi-continuous casting of hollow ingots are also 
described. 
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110 
Providing a mold comprising a mold center 
having an inner pipe and an Outer pipe 
arranged to form an annular space for a cooling 
medium and an outer mold 

120 
Circulating a cooling medium in the annular 
Space 

130 
Feeding a source material into a mold cavity 
formed between the outer mold and mold 
Center 

140 
Heating the source material to form a molten 
material 

150 
Moving the mold center progressively 
downward relative to the outer mold 

160 
Solidifying the molten material to form a 
hollow ingot 

Fig. 1 
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METHOD AND APPARATUS FOR 
SEMI-CONTINUOUS CASTING OF HOLLOW 

INGOTS AND PRODUCTS RESULTING 
THEREFROM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 12/730,970, filed Mar. 24, 2010, entitled 
“Method and Apparatus for Semi-Continuous Casting of Hol 
low Ingots and Products Resulting Therefrom' (now 
allowed), which claims priority under 35 U.S.C. S 119(e) to 
U.S. Provisional Patent Application No. 61/164,008, filed on 
Mar. 27, 2009, all of which are hereby incorporated by refer 
CCC. 

BACKGROUND OF THE INVENTION 

0002 I. Field of the Invention 
0003. This invention relates generally to the casting of 
hollow ingots such as for use in the production of large 
diameter casings or pipes. More particularly, the disclosed 
invention relates to a method and apparatus for the semi 
continuous casting of metallic hollow ingots and products 
resulting therefrom. 
0004 II. Background of the Related Art 
0005 Conventionally, the production of large diameter 
casings or pipes or rolled rings typically required the initial 
manufacture of a large diameter ingot followed by forging to 
produce a smaller diameter billet. The billet is then pierced to 
create a tubular preform and the tubular perform is then 
extruded to form the casing or pipe or rolled to form a ring. 
However, if it were possible to directly cast the tubular pre 
form, significant downstream processing time and expense 
could be avoided. 
0006) Several attempts have been made to cast high-qual 
ity, large diameter hollow ingots. One approach involves 
inserting a water-cooled stationary mandrel into a molten 
pool. Once a sufficient amount of molten metal solidified onto 
the surface of the mandrel, the mandrel was withdrawn from 
the pool. After the solidified ingot was removed from the 
mandrel, the mandrel itself could be reintroduced into the 
molten pool and the process repeated. 
0007 Another attempt involves casting molten metal into 
a mold comprising a stationary core encapsulated by a cru 
cible to form an annular space into which molten metal may 
be poured and allowed to solidify as described, for example, 
in U.S. Pat. No. 4.278.124 to Aso et al. (hereinafter 'Aso'). In 
some embodiments, the interior of the core in Aso is cooled 
by forced induction, thereby providing control over the cool 
ingrate at the interior wall of the cast hollow ingot. 
0008 Still another attempt involves adding a fixed amount 
of molten metal to a casting vessel. The vessel is then rotated 
and centrifugal forces drive the metal to the outer walls of the 
vessel. As the metal solidifies, a layer of the desired metal 
forms on the walls of the vessel, thereby producing a hollow 
ingot. 
0009. In yet another attempt, molten metal was introduced 
into an annular space formed by a stationary outer mold and 
stationary mandrel to facilitate continuous casting in a hori 
Zontal manner, as described in more detail is U.S. Pat. No. 
4,456,054 to Henders. 
0010. However, all of the aforementioned attempts suffer 
from a number of problems including, but not limited to: the 
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production of out-of-centerinternal holes, frequent breakouts 
at the inner mold surface, inconsistent dimensions, long cool 
ing times, and slow casting rates. 
(0011. Accordingly, there exists a need in the art for a more 
cost-effective technique for producing hollow ingots which is 
both sufficiently controllable and repeatable to be utilized as 
a commercial manufacturing process. 

SUMMARY OF THE INVENTION 

0012. In view of the above-described problems, needs, and 
goals, the present invention provides techniques for semi 
continuous casting of hollow ingots. 
0013. In one embodiment a method for semi-continuous 
casting of metallic hollow ingots is provided. The method 
includes providing a mold comprising a mold center having 
an inner pipe and an outer pipe arranged to form an annular 
space for a cooling media and an outer mold, circulating a 
cooling media in the annular space, feeding source material 
into the mold cavity formed between the mold center and 
outer mold, melting the source material, moving the mold 
centerprogressively downward relative to the outer mold, and 
solidifying the source material to form a metallic hollow 
ingot. 
0014. In some embodiments the mold center is moved 
progressively downward using a puller. Further, the cooling 
media can be provided at substantially the base of the mold, 
and the cooling media can flow up through the inner pipe and 
down through the annular space. The cooling media can be 
water, but is not so limited. The mold center can be locked in 
place using a puller. 
0015. In some embodiments the source material is melted 
using one or more electronbeam guns. In alternative embodi 
ments the source material may be melted using electroslag 
remelting, plasma arc melting, or by using a plasma torch. 
The source material is preferably a metallic material which 
includes, but is not limited to titanium, Zirconium, niobium, 
tantalum, hafnium, nickel, and alloys thereof. The source 
material can be fed at substantially the top of the mold. 
0016. In alternate embodiments the outer pipe can be con 
structed of steel, copper, or a ceramic material. The outer pipe 
can remain with the ingot after casting until further process 
ing. The method can further include providing a receiver 
which holds the mold center to prevent lateral movement of 
the mold center during casting. 
0017. In another embodiment an apparatus for semi-con 
tinuous casting of hollow ingots is provided. The apparatus 
includes a mold center having an inner pipe and an outer pipe 
arranged to form an annular space for a cooling media, an 
outer mold, and a puller for moving the mold center down 
ward. 
0018. In some embodiments, the outer pipe is consumable 
and can remain with the cast hollow ingot until further pro 
cessing. The puller can have a hole arranged to receive the 
mold center. The puller can lock the mold center in place. The 
apparatus can further include one or more electron beam 
guns, an electroslag remelting apparatus, a plasma arc appa 
ratus, or one or more plasma torches. The apparatus can 
further include a receiver located above the mold center and 
arranged to prevent lateral movement of the mold center 
during casting. 
(0019. In yet another embodiment, the present invention 
provides a metallichollowingot product. The metallichollow 
ingot product comprises a metallic hollow ingot and a pipe 
intimately connected to the metallic hollowingot at the inner 
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surface of the metallic hollow ingot. The metallic hollow 
ingot can be a metallic material Such as titanium, Zirconium, 
niobium, tantalum, hafnium, nickel, and alloys thereof. The 
pipe can be steel, copper, or a ceramic, but is not so limited. 
0020. The accompanying drawings, which are incorpo 
rated and constitute part of this disclosure, illustrate exem 
plary embodiments of the disclosed invention and serve to 
explain the principles of the disclosed invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021 FIG. 1 is a flowchart illustrating a method for semi 
continuous casting of hollow ingots in accordance with an 
embodiment of the present invention. 
0022 FIG. 2A is a side view of the outer pipe of the mold 
center in accordance with an embodiment of the present 
invention. 
0023 FIG. 2B is a cross-sectional view obtained along 
section D-D of the outer pipe shown in FIG. 2A in accordance 
with an embodiment of the present invention. 
0024 FIG. 2C is a cross-sectional view obtained along 
section C-C of the outer pipe shown in FIG. 2A in accordance 
with an embodiment of the present invention. 
0025 FIG. 3A is a side view of the inner pipe of the mold 
center in accordance with an embodiment of the present 
invention. 
0026 FIG. 3B is a close-up of section E of the inner pipe 
shown in FIG. 3A in accordance with an embodiment of the 
present invention. 
0027 FIG. 4A is a side view of the inner pipe inserted into 
the outer pipe of the mold center in accordance with an 
embodiment of the present invention. 
0028 FIG. 4B is a cross-sectional view obtained along 
section A-A of the inner pipe inserted into the outer pipe 
shown in FIG. 4A in accordance with an embodiment of the 
present invention. 
0029 FIG. 5A is a side view of the inner pipe locked into 
the outer pipe of the mold center in accordance with an 
embodiment of the present invention. 
0030 FIG. 5B is a cross-sectional view obtained along 
section B-B of FIG. 5A which shows the inner pipe locked 
into the outer pipe in accordance with an embodiment of the 
present invention. 
0031 FIG. 6A is a top view of a plate in accordance with 
an embodiment of the present invention. 
0032 FIG. 6B is a perspective view of the plate shown in 
FIG. 6A in accordance with an embodiment of the present 
invention. 
0033 FIG. 6C is a side view of the plate shown in FIG. 6A 
in accordance with an embodiment of the present invention. 
0034 FIG. 6D is a cross-sectional view obtained along 
section F-F of the plate shown in FIG. 6C in accordance with 
an embodiment of the present invention. 
0035 FIG. 7A is a top view of a puller in accordance with 
an embodiment of the present invention. 
0036 FIG. 7B is a perspective view of the puller shown in 
FIG. 7A in accordance with an embodiment of the present 
invention. 

0037 FIG. 8 is a cross-sectional side view of a furnace in 
accordance with an embodiment of the present invention. 
0038 FIG. 9A is a plot showing the value of the length 
correction factork, as a function of the cross-sectional area 
As of a hollow ingot at a casting rate R of 2,000 lb/h for 
ingot lengths L., of 15, 10, and 5 feet. 
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0039 FIG.9B is a plot showing the value of the length 
correction factork, as a function of the cross-sectional area 
As of a hollowingot at a casting rate R of 1,500 lb/h for 
ingot lengths L., of 15, 10, and 5 feet. 
0040 FIG. 9C is a plot showing the value of the length 
correction factor k, as a function of the cross-sectional area 
As of a hollowingot at a casting rate R of 1,000 lb/h for 
ingot lengths L., of 15, 10, and 5 feet. 
0041. Throughout the drawings, the same reference 
numerals and characters, unless otherwise stated, are used to 
denote like features, elements, components or portions of the 
illustrated embodiments. Moreover, while the disclosed 
invention will now be described in detail with reference to the 
figures, it is done so in connection with the illustrative 
embodiments. 

CS 

DETAILED DESCRIPTION OF THE INVENTION 

0042. The present invention provides apparatus and meth 
ods for the semi-continuous casting of hollow ingots that 
increases the casting rate and decreases the cost and time for 
downstream processing. The disclosed apparatus and method 
allow for the repeatability of results such that hollow ingots 
produced in accordance with the disclosed invention achieve 
consistent dimensions and desired Surface quality. 
0043 FIG. 1 illustrates an exemplary method for semi 
continuous casting of a hollow ingot in accordance with the 
disclosed invention. As shown in FIG. 1, the process begins 
with providing a mold in step 110. The mold has a mold center 
and an outer mold with a mold cavity formed therebetween. 
The mold center is comprised of an inner pipe and an outer 
pipe arranged to forman annular space for a cooling medium. 
0044) For the purpose of illustration, an exemplary 
embodiment of the outer pipe 200 of the mold center is shown 
in FIGS. 2A-C. As shown in FIG. 2A, the outer pipe 200 
includes an outer pipe body 210 which can be of any suitable 
size to achieve the desired inner diameter of the resulting 
hollow ingot. For example, the pipe can be between about 2 
and 14 inches in diameter. 
0045. The outer pipe 200 can be made of any suitable 
material which is capable of withstanding the harsh condi 
tions and high temperatures associated with the molten mate 
rial, assuming adequate cooling. Further and more impor 
tantly, the outer pipe 200 must be capable of withstanding the 
pressure of contracting molten metal material, as radial pres 
sures on the mold center can be about 1 to 2ksi. Therefore, the 
material used for the mold center preferably has a minimum 
tensile yield strength of 30 ksi, a minimum tensile ultimate 
strength of 48 ksi, and a minimum thermal conductivity of 25 
BTU/hr-ft- F. The material should also be relatively easy to 
machine. Preferably, the outer pipe is made of steel, copper, 
other metallics, ceramics, or any other Suitable materials. 
Additionally, a metallic material with a ceramic coating can 
be used. Exemplary coatings include Zirconia, silica, yttrium 
oxide, and other Suitable ceramic materials. In a preferred 
embodiment, the outer pipe is consumable and will remain 
with the resulting hollow ingot for further processing. 
Accordingly, the outer pipe should be made of an inexpensive 
and readily available material, which is still capable of with 
standing the pressure of contracting molten material. An 
example of a suitable material is heavy duty pipe such as 
schedule 80 steel pipe. 
0046. As shown in FIG. 2A, a plate 220 can be welded to 
the bottom portion of the outer pipe body 210. Extending 
down from the plate 220 can be a square tube 230, as shown 
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in FIG. 2A. FIG. 2B is a cross-sectional view obtained along 
line D-D in FIG. 2A whereas FIG. 2C is a cross-sectional 
view obtained along line C-C in FIG. 2A. As can be seen in 
FIG. 2C, the plate 220 includes circular opening 240 for 
receiving the inner pipe 300. 
0047 For the purpose of illustration, and not limitation, an 
exemplary embodiment of the inner pipe 300 is provided in 
FIGS. 3A and 3B. The inner pipe body 310 shown in FIG.3A 
should be sized Such that it forms a Suitable annular space 
between the inner pipe 300 and the outer pipe 200 (from FIG. 
2) for the circulation of a cooling medium. For example, if the 
outer pipe 200 is about 10 inches in diameter, then the inner 
pipe 300 is preferably about 6 inches in diameter. 
0048. The inner pipe 300 can be made of any suitable 
material. For example, the inner pipe 300 can be made of 
steel, copper, other metallics, ceramics, or other Suitable 
materials. In the exemplary embodiment where the outer pipe 
200 (from FIG. 2) is consumable, the inner pipe 300 prefer 
ably can be removed from the outer pipe 200 after production 
of the hollow ingot and thus can be reused. Accordingly, the 
inner pipe 300 is not restricted to inexpensive and readily 
available materials. In a preferred embodiment, the inner pipe 
300 is schedule 40 steel pipe. 
0049. As further shown in FIG. 3A, in the exemplary 
embodiment, a jig 320, Such as a /2 inch jig, is attached to the 
top of the inner pipe body 310. Attached to the jig 320 is a 
circulation means 330 for allowing the circulation of the 
cooling medium. A close-up of the circulation means 330 is 
provided in FIG. 3B. The circulation means 330 can be any 
Suitable arrangement Such as, for example holes or passages. 
However, the circulation means 330 should be selected to 
provide enough cross sectional area to provide a sufficient 
flow rate of the cooling medium through the circulation 
means 330 without restriction. 
0050. In practice, inner pipe 300 (from FIG. 3A) is 
inserted into outer pipe 200 (from FIG. 2A), as is shown in 
FIGS. 4A and 4B. Once inner pipe body 310 is inserted fully 
into outer pipe body 210, as shown in FIGS.5A and 5B, plate 
600, as shown in FIG. 5B, is inserted at the bottom to secure 
the inner pipe 300 (from FIG. 3A) relative to the outer pipe 
200 (from FIG. 2A) and create an air-tight seal. The arrange 
ment of the inner pipe body 310 and outer pipe body 210 
creates an annular space 400. In a preferred embodiment, 
internal welds are used to secure plate 600 in order to avoid 
interference problems with placing the center mold in the 
puller, which will be described in more detail below. 
0051. For the purpose of illustration, and not limitation, an 
exemplary plate 600 is shown in FIGS. 6A-D. The top of plate 
600 can include a support ring 610 that is arranged to receive 
the bottom of inner pipe body 310 (from FIG.3A) and form a 
air-tight seal. Holes 620 can be included in the plate 600 to 
allow for the flow of the cooling medium into and out of the 
inner pipe 300 (from FIG. 3A) and the annular space 400 
between the inner 300 and outer 200 pipes as shown in FIG. 
5B. While exemplary plate 600 is square, other shapes of 
plates can be used. 
0052 Returning now to FIG. 1, the method continues with 
circulating a cooling medium in the annular space in step 120. 
The cooling medium inlet and outlet can be provided at sub 
stantially the base of the mold. In a preferred embodiment, 
cooling medium lines attach to plate 600 through holes 620, 
shown in FIG. 6A. In a preferred embodiment, the cooling 
medium flows up through the inner pipe body 310, out 
through the circulation means 330, and then downthrough the 
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annular space 400 as shown, for example, in FIG. 5B. This 
arrangement allows for colder water, and therefore Superior 
cooling, to be present at the top of the mold which is where the 
liquid pool meniscus forms. This arrangement also has the 
added benefit of providing additional cooling to the outer pipe 
200 (from FIG. 2A) exposed to radiation from the surface of 
the liquid pool and any incidental electron beams or other 
heating device that may contact the pipe. Alternatively, the 
cooling medium can flow up through the annular space 400, 
through the circulation means 330, and then downthrough the 
inner pipe body 310 (in the opposite direction to that shown in 
FIG. 5B). This arrangement helps prevent the collection of 
steam at the top of the mold center. 
0053. The cooling medium should be selected to provide 
suitable cooling of the outer pipe 200 (from FIG. 2A), which 
in turn cools the molten material. Exemplary cooling medium 
include water, sodium-potassium eutectic, and other Suitable 
medium. Preferably the cooling medium is water. The cooling 
medium should be provided at a low enough temperature to 
achieve the desired cooling of the molten material and to 
dissipate any heat associated with incidental contact of the 
electron beam with the outer pipe. For example, providing 
water at about 60°F. will provide adequate cooling. The flow 
rate of the medium should be selected to provide suitable 
cooling and will depend on the cooling medium used. For 
example, if the cooling medium is water, a preferred flow rate 
is between about 45 and 100 gallons per minute. 
0054 Returning now to FIG. 1, the method continues with 
step 130 in which a source material is fed into the mold. In a 
preferred embodiment, the source material is fed at substan 
tially the top of the mold. Preparation of the blend for feeding 
is selected to meet the desired properties and composition of 
the resulting hollow ingot. In a preferred embodiment the 
Source material is a metal or metal alloy. The source material 
can be, for example, titanium, Zirconium, niobium, tantalum, 
hafnium, nickel, other reactive metals, and alloys thereof. In 
an exemplary embodiment, the flow rate of the source mate 
rial is between about 100 and 3000 pounds per hour and will 
depend on the density of the source material used and the 
desired diameter of the cast hollow ingot. 
0055 Returning now to FIG. 1, the method continues with 
step 140 in which the source material is heated to form a 
molten material. In an exemplary embodiment, the molten 
material is melted using one or more electron beam guns (as 
shown as 850 in FIG. 8). Any number and arrangement of 
electronbeam guns 850 can be used as long as enough heat is 
provided to maintain molten material across the entire Surface 
of the liquid pool. For example, four electron beam guns 850 
spaced about 90° apart around the circumference of the outer 
mold can provide adequate coverage of the liquid pool Sur 
face. Appropriate electronbeam gunpowers used will depend 
on the flow rate and density of the source material, the number 
of guns used, the gun arrangement, and the gun manufacturer. 
For example, gun powers of 50-800 kW can be used. The 
beam pattern on the mold surface should be adjusted to ensure 
that the entire top Surface remains liquid, thereby producing a 
desired surface on both the inner and outer diameter of the 
tubular preform. However, beam pattern adjustment must be 
balanced against the risk of having an electronbeam too close 
to the inner pipe 300 (from FIG. 3A), as getting this too hot 
could lead to a catastrophic rupture in the pipe or the forma 
tion of for example, an iron-titanium eutectic at the interface 
between the pipe and the molten material. Alternatively, an 
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electroslag remelting process can be used to melt the Source 
metal material, as is known in the art. 
0056 Returning now to FIG. 1, the method continues with 
step 150 in which the mold center is moved progressively 
downward relative to the outer mold. In a preferred embodi 
ment, the mold center is moved downward at substantially the 
same rate at which the source material is added such that the 
location of the liquid pool stays about the same. 
0057 For the purpose of illustration and not limitation, 
and as shown in FIG. 7A and FIG. 7B, a puller 840 is pro 
vided. The puller 840 can be used to move the mold center 
through the mold in a downward direction (as shown in FIG. 
8). In an exemplary embodiment, a device is used to pull the 
puller down. For example, and without limitation, the device 
may be a hydraulic cylinder which collapses. Additionally, 
the puller 840 can be used to lock the mold center in place. In 
practice, square tube 230 (see FIGS. 2A-B) attached to the 
bottom of the outer pipe body 210 (from FIGS. 2A–B) is 
placed into the hole 730 in the center of the puller 840. Two 
portions of the puller, a first portion 710 and a second portion 
720 are then secured tightly together around square tube 230 
using bolts in bolt holes 740 provided in the puller 840, as 
shown in FIG. 7B. Additionally, the puller 840 can include 
water passages 750 to internally cool the puller 840 itself. In 
one exemplary embodiment, the puller 840 is ground or 
machined to create cooling medium lines, not shown, for 
feeding and withdrawing the cooling medium to and from the 
mold center. 

0058. Returning now to FIG. 1, the method continues with 
solidifying the molten material to form the hollow ingot in 
step 160. In an exemplary embodiment, the molten material 
solidifies as a result of cooling from both the water cooled 
mold center 810 and the water cooled outer mold 820, as 
shown in FIG. 8 which is a schematic showing a typical 
furnace 860. The type of furnace used may be, for example, a 
vacuum furnace, electroslag furnace, or plasma arc furnace, 
or any type of furnace which is well-known in the art. FIG. 8 
clearly shows the configuration of the mold center 810 rela 
tive to the outer mold 820 to form a mold cavity 800 in 
between. The manner in which the mold arrangement inter 
faces with the furnace is also readily apparent to those 
knowledgeable in the art. 
0059. In some embodiments, a receiver 830, as shown in 
FIG. 8, is provided for holding the mold center 810 to prevent 
lateral movement of the mold center 810 during casting. In an 
exemplary embodiment, the receiver 830 includes three 
plates which attach to the top of the mold center 810 to keep 
the mold center 810 concentric throughout the casting pro 
cess. Use of a receiver 830 prevents out of center internal 
holes and increases the resulting yield of the hollow ingot. 
0060. The method can further include cooling the ingot in 
the furnace 860 either under vacuum or at atmospheric pres 
Sures, depending on the material constituting the ingot. 
Resulting ingots prepared in accordance with the present 
invention are significantly cooler after the melt than standard 
ingots of the same diameter upon removal from the furnace. 
Thus, one advantage of the disclosed invention is a significant 
reduction in the time required to cool the ingot after melting. 
The reduction in cooling time is due in part to the outer pipe 
200 of the mold center 810 being intimately connected to the 
cast material. In addition, the material is cooled from both the 
mold center 810 and the outer mold 820. Cooling times will 
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depend on the desired diameter of the hollow ingot, and can 
be conservatively approximated using the following empiri 
cal formula: 

cooling-x-sect (1/Rs)Linopkak, iragot 

where the is the required cooling time (hr), A, is the 
cross sectional area (in) of the hollow ingot, R., is the 
casting rate (1b/hr), L, is the length of the cast hollowingot 
(in), p is the material density (1b/in), k, is a correction factor 
which equals 0.52, and k, is a length correction factor. Values 
fork, may be obtained from FIGS.9A,9B, and 9C which are 
plots ofk, as a function of the cross-sectional area A of a 
hollow ingot at casting rates R. of 2,000 lb/h, 1,500 lb/h, 
and 1,000 lb/h, respectively. The top, middle, and bottom 
curves provided in FIGS. 9A-C represent ingot lengths L 
of 15, 10, and 5 feet, respectively. 
0061. In another exemplary embodiment, the present 
invention provides an apparatus for semi-continuous casting 
of a hollow ingot. The apparatus includes a mold center 810 
(from FIG. 8) having an inner pipe 300 and an outer pipe 200 
arranged to form an annular space 400 for a cooling medium, 
an outer mold 820, and a puller 840 for moving the mold 
center 810 downward. A mold cavity 800 for receiving source 
material is provided between the mold center 810 and outer 
mold 820. 

0062. The inner 300 and outer 200 pipe can have any of the 
properties mentioned previously herein. For example, and as 
described above in more detail, in some embodiments, the 
outer pipe 200 is consumable and can remain with the ingot 
until further processing. The puller 840 can include a hole 
arranged to receive the mold center 810, and the puller 840 
can lock the mold center 810 in place. The apparatus can 
include one or more electron beam guns 850. In alternate 
embodiments the Source material can be heated by electroslag 
remelting, plasma arc processes, or using a plasma torch. In a 
preferred embodiment, the source material is added at the top 
of the mold cavity 800 near the location where it is heated as 
shown, for example, by the thick black arrow provided in FIG. 
8. The puller 840 and electronic beam guns 850 can have any 
of the properties and/or arrangements mentioned previously 
herein. 

0063. In another exemplary embodiment, the present 
invention provides a metallic hollow ingot product. The 
metallic hollow ingot product includes a metallic hollow 
ingot and a pipe intimately connected to the metallic hollow 
ingot at the inner Surface of the metallic hollow ingot. 
0064. The hollow ingot and pipe can have any of the prop 
erties mentioned previously herein. For example, the pipe can 
made of steel, copper, other metallics, ceramics, or other 
suitable materials. The hollow ingot can be produced from 
materials selected from the group consisting of titanium, 
Zirconium, niobium, tantalum, hafnium, nickel, other reactive 
metals, and alloys thereof. In a preferred embodiment the 
hollow ingot is cast using a metal or metallic material and is 
therefore a hollow metallic ingot. 
0065. The disclosed invention is suitable for preparing 
samples of a wide variety of sizes. For purpose of illustration, 
and without limitation, example sizes of hollow ingots pro 
duced from a metallic material are provided in the table 
below: 

iragot 
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Sample 
No. Outside Diameter (in.) Inside Diameter (in.) Length (in.) 

1. >18 <8.5 >55 
>23 <10.75 >65 

3. >25 <13.375 >70 

Process parameters that can be varied include the type of 
Source material, the rate at which source material is Supplied, 
the amount of heat applied through the heating source, the 
cooling rate arising from Supplying cooling medium to the 
central core and outer casting mold, the rate at which the 
central core is pulled downwards, as well as the overall 
dimensions of the mold itself. 

Example 1 

0066. A titanium alloy was formulated to produce a mol 
ten metal material with modifications to produce an EXtra 
Low Interstitials (“ELI) material for increased toughness. A 
target casting rate of between 1000 and 3000 lb/hr was used. 
0067. The ingot was melted using electronic beam guns. 
Observation through a viewport glass present on the furnace 
clearly indicated that the entire liquid surface that was visible 
was fully molten. 
0068. No leaks developed and no weld failure occurred 
during the melt. The mold center cooling circuit reached 90° 
F. maximum and averaged about 85° F. 
0069. The top surface of the ingot was fairly flat and uni 
form. In general, the Surface condition was fairly reasonable. 
0070 Sample slices were cut from the ingot. The cross 
sections showed a small diametrical change of the mold cen 
ter outer shell. 
0071 While the present invention is described herein in 
terms of certain preferred embodiments and examples, those 
skilled in the art will recognize that various modifications and 
improvements may be made to the invention without depart 
ing from the scope thereof. Thus, it is intended that the present 
invention include modifications and variations that are within 
the scope of the appended claims and their equivalents. More 
over, although individual features of one embodiment of the 
invention may be discussed herein or shown in the drawings 
of one embodiment and not in other embodiments, it should 
be apparent that individual features of one embodiment may 
be combined with one or more features of another embodi 
ment or features from a plurality of embodiments. 
0072. In addition to the specific embodiments claimed 
below, the invention is also directed to other embodiments 
having any other possible combination of the dependent fea 
tures claimed below and those disclosed above. As such, the 
particular features presented in the dependent claims and 
disclosed above can be combined with each other in other 
manners within the scope of the invention such that the inven 
tion should be recognized as also specifically directed to other 
embodiments having any other possible combinations. Thus, 
the foregoing description of specific embodiments of the 
invention has been presented for purposes of illustration and 
description. It is not intended to be exhaustive or to limit the 
invention to those embodiments disclosed. 
0073. It will be appreciated by persons skilled in the art 
that the present invention is not limited to what has been 
particularly shown and described in this specification. Rather, 
the scope of the present invention is defined by the claims 
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which follow. It should further be understood that the above 
description is only representative of illustrative examples of 
embodiments. For the reader's convenience, the above 
description has focused on a representative sample of pos 
sible embodiments, a sample that teaches the principles of the 
present invention. Other embodiments may result from a 
different combination of portions of different embodiments. 
0074 The description has not attempted to exhaustively 
enumerate all possible variations. The alternate embodiments 
may not have been presented for a specific portion of the 
invention, and may result from a different combination of 
described portions, or that other undescribed alternate 
embodiments may be available for a portion, is not to be 
considered a disclaimer of those alternate embodiments. It 
will be appreciated that many of those undescribed embodi 
ments are within the literal scope of the following claims, and 
others are equivalent. Furthermore, all references, publica 
tions, U.S. patents, and U.S. patent application Publications 
cited throughout this specification are incorporated by refer 
ence as if fully set forth in this specification. 

What is claimed is: 
1. A metallic hollow ingot product comprising: 
a metallic hollow ingot; and 
a pipe intimately connected to the metallic hollow ingot at 

an inner Surface of the metallic hollow ingot. 
2. The metallic hollow ingot of claim 1, wherein the pipe is 

selected from the group consisting of steel, copper, and 
ceramics. 

3. The metallic hollow ingot of claim 1, wherein the metal 
lic hollow ingot is selected from the group consisting of 
titanium, Zirconium, niobium, tantalum, hafnium, nickel, and 
alloys thereof. 

4. The metallic hollow ingot of claim 1, wherein the ingot 
has an outside diameter greater than about 18 inches, an 
inside diameter less than about 8.5 inches, and a length 
greater than 55 inches. 

5. The metallic hollow ingot of claim 1, wherein the ingot 
has an outside diameter greater than about 23 inches, an 
inside diameter less than about 10.75 inches, and a length 
greater than 65 inches. 

6. The metallic hollow ingot of claim 1, wherein the ingot 
has an outside diameter greater than about 25 inches, an 
inside diameter less than about 13.375 inches, and a length 
greater than 70 inches. 

7. The metallic hollow ingot of claim 3, wherein the ingot 
has an outside diameter greater than about 18 inches, an 
inside diameter less than about 8.5 inches, and a length 
greater than 55 inches. 

8. The metallic hollow ingot of claim 3, wherein the ingot 
has an outside diameter greater than about 23 inches, an 
inside diameter less than about 10.75 inches, and a length 
greater than 65 inches. 

9. The metallic hollow ingot of claim 3, wherein the ingot 
has an outside diameter greater than about 25 inches, an 
inside diameter less than about 13.375 inches, and a length 
greater than 70 inches. 

10. A metallic hollow ingot product comprising: 
a metallic hollow ingot; and 
an outer casting pipe intimately connected to the metallic 

hollow ingot at an inner surface of the metallic hollow 
ingot, wherein the metallic hollow ingot is produced by 
a semi-continuously casting method comprising: 
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providing a mold having a mold cavity formed between: 
a mold center having an inner pipe and an outer casting 

pipe arranged to form an annular space for a cooling 
medium; and 

an outer mold; 
circulating a cooling medium in the annular space; 
feeding a source material into the mold cavity; 
heating the source material to produce a molten material; 
moving the mold center progressively downward relative 

to the outer mold; and 
Solidifying the molten material around the outer casting 

pipe to form the hollow ingot. 
11. The metallic hollow ingot of claim 10, wherein the 

outer casting pipe is selected from the group consisting of 
steel, copper, and ceramics. 

12. The metallic hollow ingot of claim 10, wherein the 
Source material is selected from the group consisting of tita 
nium, Zirconium, niobium, tantalum, hafnium, nickel, and 
alloys thereof. 

13. The metallic hollow ingot of claim 10, wherein the 
ingot has an outside diameter greater than about 18 inches, an 
inside diameter less than about 8.5 inches, and a length 
greater than 55 inches. 
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14. The metallic hollow ingot of claim 10, wherein the 
ingot has an outside diameter greater than about 23 inches, an 
inside diameter less than about 10.75 inches, and a length 
greater than 65 inches. 

15. The metallic hollow ingot of claim 10, wherein the 
ingot has an outside diameter greater than about 25 inches, an 
inside diameter less than about 13.375 inches, and a length 
greater than 70 inches. 

16. The metallic hollow ingot of claim 12, wherein the 
ingot has an outside diameter greater than about 18 inches, an 
inside diameter less than about 8.5 inches, and a length 
greater than 55 inches. 

17. The metallic hollow ingot of claim 12, wherein the 
ingot has an outside diameter greater than about 23 inches, an 
inside diameter less than about 10.75 inches, and a length 
greater than 65 inches. 

18. The metallic hollow ingot of claim 12, wherein the 
ingot has an outside diameter greater than about 25 inches, an 
inside diameter less than about 13.375 inches, and a length 
greater than 70 inches. 

c c c c c 


