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(57) Abrégée/Abstract:

An apparatus for melting an electrically conductive metallic material comprises an auxiliary ion plasma electron emitter configured to
produce a focused electron field including a cross-sectional profile having a first shape. The apparatus further comprises a steering

<o
SR ?\*‘e@ VNN
S
B SN / f /]
l‘ ..-

/77
§ m’&!"’ CIPO
A

C an a d a http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




CA 2769285 A1 2011/03/03

en 2 169 285
13) A1

(57) Abrege(suite)/Abstract(continued):
system configured to direct the focused electron field to impinge the focused electron field on at least a portion of the electrically

conductive metallic material to at least one of melt or heat any solidified portions of the electrically conductive metallic material, any
solid condensate within the electrically conductive metallic material, and/or regions of a solidifying ingot.
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(57) Abstract: An apparatus for melting an electrically conductive metallic material comprises an auxiliary ion plasma electron
emitter configured to produce a focused electron field including a cross-sectional profile having a first shape. The apparatus fur-
ther comprises a steering system configured to direct the focused electron field to impinge the focused electron field on at least a
portion of the electrically conductive metallic material to at least one of melt or heat any solidified portions of the electrically con-
ductive metallic material, any solid condensate within the electrically conductive metallic material, and/or regions of a soliditying

ingot.
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TITLE
ION PLASMA ELECTRON EMITTERS FOR A MELTING FURNACE

INVENTOR

Robin M. Forbes Jones

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority under 35 U.S.C. § 120 to, and is
a continuation-in-part of, U.S. Patent Application Serial No. 12/055,415, filed March 26,

2008, which claims priority under 35 U.S.C. § 119{e) to U.S. Provisional Patent
Application Serial No. 60/909,118, filed March 30, 2007. Both of the referenced

previously-filed applications are incorporated by reference herein in their entireties.

BACKGROUND OF THE TECHNOLOGY

FIELD OF TECHNOLOGY

[0002] The present disclosure relates to equipment and techniques for
melting metals and metallic alloys (hereinafter “alloys”). The present disclosure more

specifically relates to equipment and techniques utilizing electrons to melt or heat

alloys and/or condensate formed within the melted alloys.

DESCRIPTION OF THE BACKGROUND OF THE TECHNOLOGY

[0003] An alloy melting process involves preparing a charge of suitable
materials and then melting the charge. The molten charge or “melt” may then be
refined and/or treated to modify melt chemistry, remove undesirable components from
the melt, and/or affect the microstructure of articles cast from the melt. Melting
furnaces are powered either by electricity or by the combustion of fossil fuels, and

selection of a suitable apparatus is largely influenced by the relative costs and
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applicable environmental regulations, as well as by the identity of the material being
prepared. A variety of melting techniques and apparatus are available today. General
classes of melting techniques include, for example, induction melting (including

vacuum induction melting), arc melting (including vacuum arc skull melting), crucible

melting, and electron beam melting.
[0004) Electron beam melting typically involves utilizing thermo-ionic electron

beam guns to generate high energy substantially linear streams of electrons which are
used to heat the target materials. Thermo-ionic electron beam guns operate by
passing current to a filament, thereby heating the filament to high temperature and

“boiling” electrons away from the filament. The electrons generated from the tilament
are then focused and accelerated toward the target in the form of a very narrow,
substantially linear electron beam. A type of ion plasma electron beam gun also has
been used for preparing alloy melts. Specifically, a "glow discharge” electron beam
gun described in V. A. Chernov, “Powerful High-Voltage Glow Discharge Electron Gun
and Power Unit on Its Base”, 1994 Intern. Conf. on Electron Beam Meiting (Reno,
Nevada), pp. 259-267, has been incorporated in certain melting furnaces available
from Antares, Kiev, Ukraine. Such devices operate by producing a cold plasma
including cations which bombard a cathode and produce electrons that are focused to
form a substantially linear electron beam.

[0005] The substantially linear electron beams produced by the toregoing
types of electron beam guns are directed into the evacuated melting chamber of an
electron beam melting furnace and impinged on the materials to be melted and/or
maintained in a molten state. The conduction of electrons through the electrically
conductive materials quickly heats them to a temperature in excess of the particular
melting temperature. Given the high energy of the substantially linear electron beams,
which may be, for example, about 100 kW/cm?<, linear electron beam guns are very
high temperature heat sources and are readily able to exceed the melting and, In
some cases, the vaporization temperatures of the materials on which the substantially
linear beams impinge. Using magnetic deflection or similar directional means, the

substantially linear electron beams are rastered at high frequency across the target
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materials within the melting chamber, allowing the beam to be directed across a wide

area and across targets having multiple and complex shapes.
[0006] Because electron beam melting is a surface heating method, it typically

produces only a shallow molten pool, which may be advantageous in terms of limiting
porosity and segregation in the cast ingot. Because the superheated metal pool
produced by the electron beam is disposed within the high vacuum environment of the
furnace melting chamber, the technique also beneficially tends to degas the molten
material. Also, undesirable metallic and non-metallic constituents within the alloy
having relatively high vapor pressures may be selectively evaporated in the melting
chamber, thereby improving alloy purity. On the other hand, one must account for the
evaporation of desirable constituents produced by the highly-focused substantially linear
electron beam. Undesirable evaporation must be factored into production and may
significantly complicate alloy production when using electron beam melting furnaces.
[0007] Various melting and refining methods involve the electron beam
melting of feed stocks using thermo-ionic electron guns. Drip melting is a classic
method used in thermo-ionic electron beam gun melting furnaces for processing
refractory metals such as, for example, tantalum and niobium. Raw material in the form

of a bar is typically fed into the furnace chamber and a linear electron beam focused on
the bar drip-melts the material directly into a static or withdrawal mold. When casting in
a withdrawal mold, the liquid pool level is maintained on the top of the growing ingot by
withdrawing the ingot bottom. The feed material is refined as a result of the degassing
and selective evaporation phenomena described above.

[0008] The electron beam cold hearth melting technique is commonly used in
the processing and recycling of reactive metals and alloys. The feedstock is drip meited
by impinging a substantially linear electron beam on an end of a feedstock bar. The
melted feedstock drips into an end region of a water-cooled copper hearth, forming a
orotective skull. As the molten material collects in the hearth, it overflows and falls by
gravity into a withdrawal mold or other casting device. During the molten material’s
dwell time within the hearth, substantially linear electron beams are quickly rastered

across the surface of the material, retaining it in a molten form. This also has the
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effects of degassing and refining the molten material through evaporation of high vapor

pressure components. The hearth also may be sized to promote gravity separation

between high-density and low-density solid inclusions, in which case oxide and other
relatively low-density inclusions remain in the molten metal for a time sufficient to allow

dissolution while high density particles sink to the bottom and become trapped in the

skull.
[0009] Given the various benefits of conventional electron beam melting

techniques, it would be advantageous to further improve this technology.

SUMMARY

[0010] According to one non-limiting aspect of the present disclosure, an
apparatus for melting an electrically conductive metallic material is described. The
apparatus comprises a vacuum chamber, a hearth disposed in the vacuum chamber,
and at least one ion plasma electron emitter disposed in or adjacent the vacuum
chamber and positioned to direct a first field of electrons having a first cross-sectional
area into the vacuum chamber. The first field of electrons has sufficient energy to heat
the electrically conductive metallic material to its melting temperature. The apparatus
further comprises at least one of a mold and an atomizing apparatus positioned to
receive the electrically conductive metallic material from the hearth, and an auxiliary ion
plasma electron emitter disposed in or adjacent the vacuum chamber and positioned to
direct a second field of electrons having a second cross-sectional area into the vacuum
chamber. The second field of electrons has sufficient energy to at least one of heat
portions of the electrically conductive metallic material to at least its melting
temperature, melt any solid condensate within the electrically conductive metallic
material, and provide heat to regions of a forming ingot. The first cross-sectional area
of the first field of electrons is different than the second cross-sectional area of the
second field of electrons. The second field of electrons emitted by the auxiliary ion
nlasma electron emitter is steerable.

[0011] According to another non-limiting aspect of the present disclosure, an
apparatus for melting an electrically conductive metallic material is descnbed. The

apparatus comprises a vacuum chamber, a hearth disposed in the vacuum chamber,

-4
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and a melting device configured to melt the electrically conductive metallic matenal.
The apparatus further comprises at least one of a mold and an atomizing apparatus
positioned to receive molten electrically conductive metallic material from the hearth,
and an auxiliary ion plasma electron emitter disposed in or adjacent to the vacuum
chamber and positioned to direct a focused electron field having a cross-sectional area

into the vacuum chamber. The focused field of electrons has sufficient energy to at

least one of melt portions of the electrically conductive metallic matenal, melt solid
condensate within the electrically conductive metallic material, and heat regions of a
solidifying ingot. The focused field of electrons is steerable to direct the focused

electron field toward at least one of the portions of the electrically conductive metallic

material, the solid condensate, and the solidifying ingot.
[0012] According to yet another non-limiting aspect of the present disclosure, an

apparatus for melting an electrically conductive metallic material is described. The
apparatus comprises an auxiliary ion plasma electron emitter configured to produce a
focused electron field including a cross-sectional profile having a first shape. The
apparatus turther comprises a steering system configured to direct the focused electron
field to impinge the focused electron field on at least a portion of the electncally
conductive metallic material to at least one of melt any solidified portions of the
electrically conductive metallic material, melt any solid condensate within the electrically
conductive metallic material, and provide heat to regions of a forming ingot.

[0013] According to still a further aspect of the present disclosure, a method of
processing a material is provided. The method comprises introducing a material
comprising at least one of a metal and a metallic alloy into a furnace chamber
maintained at a low pressure relative to atmospheric pressure, and generating a first
electron field having a first cross-sectional area using at least a first ion plasma electron
emitter. The method further comprises subjecting the material within the furnace
chamber to the first electron field to heat the material to a temperature above a melting
temperature of the material, and generating a second electron field having a second
cross-sectional area using a second ion plasma electron emitter. The method turther

comprises subjecting at least one of any solid condensate within the material, any
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solidified portions of the material, and regions of a solidifying ingot to the second

electron field, using a steering system, to melt or heat at least one of the solid

condensate, the solidified portions, and the regions of the solidifying ingot. The first

cross-sectional area of the first electron field is different than the second cross-sectional

area of the second electron field.
[0014] According to a further aspect of the present disclosure, a method of

processing a material is provided. The method comprises introducing a matenal
comprising at least one of a metal and a metallic alloy into a furnace chamber
maintained at a low pressure relative to atmospheric pressure, and subjecting the
material within the furnace chamber to a melting device configured to heat the material

to a temperature above a melting temperature of the material. The method further

comprises generating a focused electron field using an auxiliary ion plasma electron
emitter, and subjecting at ieast one of any solid condensate within the matenal, any
solidified portions of the material, and regions of a solidifying ingot to the focused

electron field, using a steering system, to melt or heat at least one of the solid

condensate, the solidified portions, and the regions of the solidifying ingot.

[0015] According to yet a further aspect of the present disclosure, a method
of processing a material is provided. The method comprises generating a focused
electron field including a cross-sectional profile having a first shape using an auxiliary
ion plasma electron emitter, and steering the focused electron field to impinge the
focused electron field on the material and melt or heat at least one of any solid
condensate within the material, any solidified portions of the material, and regions of a
solidifying ingot.

[0016] According to still a further aspect of the present disclosure, a method of
generating an electron field to melt an electrically conductive material within a melting
furnace is provided. The method comprises providing an anode having a first non-linear
shape, applying a voltage to the anode, and producing a plasma containing positive
cations at the anode. The method further comprises providing a cathode having a
second shape, positioning the cathode relative to the anode, and applying a voltage to

the cathode. The voltage is configured to negatively charge the cathode. The method
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further comprises accelerating the positive cations toward the cathode to generate free
secondary electrons, and forming the electron field using the free secondary electrons.

The electron field has a cross-sectional profile with a third shape. The third shape

corresponds to the first non-linear shape of the anode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Features and advantages of the apparatus and methods described

herein may be better understood by reference to the accompanying drawings in which:

[0018] Figure 1 is a schematic illustration in cross-section of an embodiment

of a conventional thermo-ionic electron beam gun melting furnace;

[0019] Figure 2 is a simplified depiction of certain components of an

embodiment of a wire-discharge ion plasma electron emitter;

[0020] Figure 3 is a schematic illustration in cross-section of one non-limiting
embodiment of an electron beam cold hearth melting furnace including multiple wire-

discharge ion plasma electron emitters according to the present disclosure;

[0021] Figure 4 is a schematic illustration of one non-limiting embodiment of a

wire-discharge ion plasma electron emitter,

[0022] Figure 5 is a schematic illustration of one non-limiting embodiment
according to the present disclosure of an electron beam melting tfurnace including a

wire-discharge ion plasma electron emitter as an electron source;

[0023] Figure 6 is a perspective view, partly in section, of one non-limiting
embodiment of a wire-discharge ion plasma electron emitter that may be adapted for

use in an electron beam melting furnace according to the present disclosure;

[0024] Figure 7 is a diagram illustrating operation of the wire-discharge ion

plasma electron emitter illustrated in Figure 6;

[0025] Figure 8 is a schematic illustration in cross-section of one embodiment

of an electron beam cold hearth melting furnace according to the present disclosure;
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[0026] Figure 9 is a schematic illustration in cross-section of one non-limiting
embodiment of an electron beam cold hearth meiting furnace including mulitiple ion

plasma electron emitters and an auxiliary ion plasma electron emitter according to the

present disclosure;

[0027] Figure 10 is a schematic illustration in cross-section of one non-limiting
embodiment of an electron beam cold hearth melting furnace including an auxihary ion

plasma electron emitter according to the present disclosure;

[0028] Figure 11 is a schematic illustration of one non-limiting embodiment of

a steering system for an auxiliary ion plasma electron emitter according to the present
disclosure;

[0029] Figure 12 is a schematic illustration from a top perspective of one non-

limiting embodiment of a steering system for an auxiliary lon plasma electron emitter

according to the present disclosure;

[0030] Figure 13 is a schematic illustration from a top view of one non-limiting

embodiment of an auxiliary ion plasma electron emitter according to the present

disclosure;

[0031] Figure 14 is another schematic illustration from a top view of one non-

limiting embodiment of an auxiliary ion plasma electron emitter according to the

present disclosure; and

[0032] Figure 15 is still another schematic illustration from a top view of one

non-limiting embodiment of an auxiliary ion plasma electron emitter according to the

present disclosure.

[0033] The reader will appreciate the foregoing details, as well as others,
upon considering the following detailed description of certain non-limiting embodiments
of apparatuses and methods according to the present disclosure. The reader also may

comprehend certain of such additional details upon carrying out or using the

apparatuses and methods described herein.
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DETAILED DESCRIPTION OF CERTAIN NON-LIMITING EMBODIMENTS

[0034] In the present description of non-limiting embodiments, other than In
the operating examples or where otherwise indicated, all numbers expressing quantities
or characteristics of ingredients and products, processing conditions, and the like are to
be understood as being modified in all instances by the term “about”. Accordingly,
unless indicated to the contrary, any numerical parameters set forth in the following
description are approximations that may vary depending upon the desired properties
one seeks to obtain in the apparatus and methods according to the present disclosure.
At the very least, and not as an attempt to limit the application of the doctrine of

equivalents to the scope of the claims, each numerical parameter shouid at least be
construed in light of the number of reported significant digits and by applying ordinary

rounding techniques.

[0035] Any patent, publication, or other disclosure material, in whole or in pan,
that is said to be incorporated by reference herein is incorporated herein only to the
extent that the incorporated material does not conflict with existing definitions,
statements, or other disclosure material set forth in this disclosure. As such, and to the
extent necessary, the disclosure as set forth herein supersedes any conflicting material
incorporated herein by reference. Any material, or portion thereof, that is said to be
incorporated by reference herein, but which conflicts with existing definitions,
statements, or other disclosure material set forth herein is only incorporated to the

extent that no conflict arises between that incorporated material and the existing

disclosure material.

[0036] The present disclosure, in part, is directed to an improved design for
an electron beam furnace for melting metals and metallic alloys and/or for maintaining
the materials in a molten state for use in preparing metallic castings or powders. A
conventional thermo-ionic electron beam gun melting furnace is schematically
illustrated in Figure 1. Furnace 110 includes vacuum chamber 114 surrounded by
chamber wall 115. Multiple thermo-ionic electron beam guns 116 are positioned
outside and adjacent chamber 114 and direct discrete linear electron beams 118 into

chamber 114. Feed material in the forms of metallic bar 120 and alloying powder 122

-9 .
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are introduced into chamber 114 by a conventional bar feeder 119 and a conventional
particle or granule feeder 117, respectively. The linear electron beam 118 of one of
the electron beam guns 116 impinges on and melts an end of bar 120, and the
resulting molten alloy 124 falls into water-cooled copper refining hearth 126 (a “cold
hearth”) within chamber 114. The thermo-ionic electron beam guns 116 are of a
conventional desigh and generate electrons by heating a suitable filament maternial.
The guns 116 focus the generated electrons 10 a point, and the electrons are
proj’ected from the guns 116 in the form of a tightly focused, substantially linear beam.
Thus, the electrons projected from the guns 116 essentially impinge on the target as a
point source. The heating of the target by the point source of electrons is facilitated by
rastering the linear electron beams 118 across at least a portion of the targets, similar
to the manner of rastering electrons across the phosphor screen of a cathode ray

television tube. Rastering the substantially linear electron beam 118 of a thermo-ionic

electron beam gun 116 across the end region of bar 120, for example, melts the bar

120.
[0037] With further reference to Figure 1, the molten alloy 124 deposited In

hearth 126 is maintained in a molten state by rastering certain of the substantially

inear electron beams 118 across the surface of the molten alloy 124 in a
predetermined and programmed pattern. Powdered or granulated alloying materials
122 introduced into the molten alloy 124 by feeder 117 are incorporated into the
molten material. Molten alloy 124 advances across the hearth 126 and drops from the

hearth by gravity into a copper withdrawal mold 130. Withdrawal mold 130 includes a

translatable base 134 so as to accommodate the length of the growing ingot 132.

Molten alloy 124 initially collects in withdrawal mold 130 as molten pool 131, and
progressively solidifies into ingot 132. Impingement of electrons onto moiten pool 131

by means of rastering one or more of the substantially linear electron beams 118
across the pool's surface advantageously maintains regions of the pool 131,

particularly at the pool edges, in a molten state.

- 10 -
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[0038] In furnaces utilizing one or more substantially linear electron beams

to heat material in the furnace chamber, such as a conventional thermo-ionic electron

beam gun melting furnace, alloys including volatile elements, /e., elements with
relatively high vapor pressure at the furnace melting temperatures, tend to boil off from

the molten pool and condense on the relatively cold walls of the furnace chamber.

(Common alloying elements having relatively high vapor pressures at temperatures
commonly achieved by electron beam melting include, for example, aluminum and
chromium.) The substantially linear electron beam melting technique is particularly

conducive to voiatilization, which is a significant disadvantage of conventional electron

beam furnaces when alloying, as opposed to refining or purifying, for at least two
reasons. First, the overall and localized chemical composition of the alloy becomes

difficult to control during melting due to unavoidable losses of highly volatile elements

from the molten pool. Second, the condensate of the vaporized elements tends to
build up on the furnace walls over time and may drop back into the melt, thereby

contaminating the melt with inclusions and producing localized vanations in melt

chemistry.

[0039] Without intending to be bound by any particular theory, the inventors
believe that the foregoing disadvantages of conventional electron beam melting
furnaces result from the action of conventional substantially linear electron beams on
the materials processed within electron beam furnaces. As suggested above In
connection with the description of Figure 1, conventional electron beam cold hearth
melting technology utilizes substantially linear electron beams to both melt the raw
materials introduced into the furnace and to maintain the temperature of the molten
material as it flows along and over the cold hearth, and into the casting mold. Such
furnaces typically include multiple electron beam sources, wherein each source
produces a substantially linear electron beam that is essentially a point source. These
‘points” of intense electron concentration must be rastered rapidly over the areas to be
heated so that the average temperature needed to melt the material and allow the
molten material to adequately flow is reached throughout the target area. Because of

the point source nature of the linear electron beams, however, the spot at which the

- 11 -
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electron beam impinges on the alloy is heated to an extremely high temperature. This
phenomenon of localized intense heating can be observed as visible white radiation
emitted from the particular spot at which the electron beam impinges on the solid or
molten alloy within the furnace. It is believed that the intense superheating effect that
occurs at these spots, along with the high vacuum maintained in the furnace chamber,
readily evaporates the relatively volatile elements within the alloy, resulting in the
excessive evaporation of the volatile elements and concomitant condensation on the
chamber walls. As noted above, such condensation risks contamination of the bath as
the condensed material drops back into the molten alloy, and this can result in, for

example, marked compositional heterogeneities in the cast ingots.

[0040] An improved design for an electron beam melting furnace described
herein utilizes one or more ion plasma electron emitters, such as wire-discharge ion
plasma electron emitters, for example, as at least a part of the electron source in such
a furnace. While wire-discharge ion plasma electron emitters are disclosed herein as
exemplary ion plasma electron emitters, it will be understood that the other suitable ion
plasma electron emitters (e.g., non-wire-discharge ion plasma electron emitters) can
be used with the present disclosure, as discussed in further detail below. As used
herein, the terms “ion plasma electron emitter” and “wire-discharge ion plasma
electron emitter” refer to an apparatus that produces a relatively wide, non-linear field
of electrons by impinging positively charged ions onto a cathode and thereby releasing
a field of secondary electrons from the cathode. The electron beam produced by an
jion plasma electron emitter is not a linear beam, but instead is a three-dimensional
field or “flood” of electrons that, when impinged on the target, covers a two-
dimensional region that is very large relative to the small point covered by impinging a
substantially linear electron beam onto the target. As such, the electron fielo
produced by ion the plasma electron emitters is referred to herein as a "wide-area”
electron field, with reference to the relatively much smaller point of contact produced
by conventional electron guns used in electron beam melting furmaces. Wire-
discharge ion plasma electron emitters are known in the art (for use in unrelated

applications) and are variously referred to as, for example, “wire ion plasma (WIP)
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electron” guns or emitters, “WIP electron” guns or emitters and, somewhat
confusingly, as “linear electron beam emitters” (referring to the linear nature of the

plasma-producing wire electrode(s) within certain embodiments of the devices).

[0041] Wire-discharge ion plasma electron emitters are available in a variety
of designs, but all such emitters share certain fundamental design attributes. Each
such emitter includes a plasma or ionization region including a positive ion source in
the form of an elongate wire anode to produce plasma including cations, and a
cathode that is spaced from and positioned to intercept positive ions generated by the
wire. A large negative voltage is applied to the cathode, causing a fraction of the
positive ions in the plasma generated by the wire positive ion source to be accelerated
toward and to collide with the cathode surface such that secondary electrons are
emitted from the cathode (the “primary” electrons being present within the plasma

along with the positive ions). The secondary electrons produced from the cathode
surface form a non-linear electron field that typically has the three-dimensional shape
of the positive ion plasma impacting the cathode. The secondary electrons are then
accelerated from the vicinity of the cathode back toward the anode, experiencing few
collisions in the process of passing through the low-pressure gas within the emitter.
By properly designing and arranging the various components of the wire-discharge ion
plasma electron emitter, a wide field of energetic secondary electrons can be formed
at the cathode and accelerated from the emitter and toward the target. Figure 2 is a
simplified depiction of components of a wire-discharge plasma ion electron emitter,
wherein a current is applied to a thin wire anode 12 to generate plasma 14. Positive
ions 16 within plasma 14 accelerate toward and collide with negatively-charged
cathode 18, liberating wide-area secondary electron cloud 20, which is accelerated in

the direction of anode 12 by action of the electric field between the electrodes and
toward the target.

[0042] According to one non-limiting embodiment according to the present
disclosure, an apparatus for melting an electrically conductive metallic matenal in the

form of an electron beam melting furnace includes a vacuum chamber (meilting

chamber) and a hearth disposed in the vacuum chamber and adapted to hold a molten
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material. At least one wire-discharge ion plasma electron emitter is disposed in or
adjacent to the vacuum chamber and is positioned to direct a non-linear, wide-area tield
of electrons generated by the emitter into the chamber. The wire-discharge ion plasma
electron emitter produces a non-linear field of electrons having sufficient energy to heat
the electrically conductive metallic material to its meiting temperature. A mold or other
casting or atomizing device is disposed in communication with the chamber and Is
positioned and adapted to receive material from the hearth. The furnace may be used

to melt any material that may be melted using a conventional electron beam melting
furnace, such as, for example, titanium, titanium alloys, tungsten, niobium, tantalum,

platinum, palladium, zirconium, iridium, nickel, nickel base alloys, iron, iron base alloys,

cobalt, and cobalt base alloys.

[0043] Embodiments of an electron beam melting furnace according to the
present disclosure may include one or more material feeders adapted to introduce
electrically conductive materials or other alloying additives into the vacuum chamber.
Preferably, the feeders introduce the materials into the vacuum chamber in a position
over or above at least a region of the hearth so that gravity will allow the matenals, In
solid or molten form, to fall downward and into the hearth. Feeder types may include,
for example, bar feeders and wire feeders, and the feeder type selected will depend
upon the particular design requirements for the furnace. In certain embodiments of the
furnace according to the present disclosure, the material feeder and at least one of the
one or more wire-discharge ion plasma electron emitters of the furnace are disposed so
that the electron field emitted by the wire-discharge ion plasma electron emitter at least
partially impinges on the material introduced into the chamber by the feeder. If the
material that is introduced into the vacuum chamber by the feeder Is electrically

conductive, then the electron field, if of sufficient strength, will heat and melt the

material.

[0044] The hearth incorporated in embodiments of a melting furnace
according to the present disclosure may be selected from the various hearth types
known in the art. For example, the furnace may be in the nature of an electron beam

cold hearth melting furnace by incorporating a cold hearth or, more specifically, for

- 14 -



CA 02769285 2012-01-25
WO 2011/025648 PCT/US2010/044944

example, a water-cooled copper cold hearth in the vacuum chamber. As is known to
those of ordinary skill, a cold hearth includes cooling means causing molten material
within the hearth to freeze to the hearth surface and form a protective layer thereon. As
another example, the hearth may be an “autogenous” hearth, which is a hearth that is
plated with or fabricated from the alloy that is being melted in the furnace, in which case

the bottom surface of the hearth also may be water-cooled to prevent burn-through.

[0045] The particular hearth included in the vacuum chamber may include a
molten material holding region, in which the moiten material resides for a certain dwell
time before passing to the casting or atomizing device filuidly connected to the vacuum
chamber. In certain embodiments of a furnace according to the present disclosure, the
hearth and at least one of the furnace’s one or more wire-discharge ion plasma electron
emitters are disposed so that the electron field emitted by the wire-discharge ion plasma
electron emitter at least partially impinges on the molten material holding region. In this
way, the electron field may be applied to maintain the material within the molten

material holding region in a molten state, and the heating action of the electron field

may also serve to degas and refine the molten maternal.

[0046] Certain non-limiting embodiments of a furnace according to the present
disclosure include a mold for casting the molten material. The mold may be any
suitable mold known in the art such as, for example, a static mold, a withdrawal mold, or
a continuous casting mold. Alternatively, the furnace may include or be associated with

an atomization apparatus for producing, for example, a powdered material from the

molten materal.

[0047] One particular non-limiting embodiment of an electron beam melting
fumace according to the present disclosure includes a vacuum chamber and a hearth
disposed in the vacuum chamber, wherein the hearth includes a molten material holding
region. The furnace further includes one or more wire-discharge ion plasma electron
emitters disposed in or adjacent the vacuum chamber. The hearth and the at least one
wire-discharge ion plasma electron emitter are disposed so that an electron field
produced by the emitter at least partially impinges on the molten material holding

region. A withdrawal mold communicates with the vacuum chamber and is positioned
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to receive molten material from the hearth. A least one feeder is included in the furnace

and is adapted to introduce material into the vacuum chamber in a position over at least

a region of the hearth.

[0048] Any suitable wire-discharge ion plasma electron emitter may be used
iIn connection with apparatus according to the present disclosure. Suitable
embodiments of wire-discharge ion plasma electron emitters are disclosed in, for
example, U.S. Patent Nos. 4,025,818; 4,642,522; 4,694,222; 4,755,722, and
4,786,844, the entire disclosures of which are hereby incorporated herein by
reference. Suitable emitters include those capable of producing a non-linear, wide-area
electron field that may be directed into the vacuum chamber of the furnace and that will

heat electrically conductive feed materials placed into the furnace chamber to the

desired temperature.

[0049] In one embodiment of a wire-discharge ion plasma electron emitter,
the emitter includes a plasma region and a cathode region. The plasma region includes
at least one elongate wire anode adapted to produce plasma including positive Ions.
The cathode region includes a cathode which is electrically connected to a high voltage
power supply adapted to negatively charge the cathode. In the wire-discharge ion
plasma electron emitter, the electrode used to produce the plasma may be one wire or
multiple wires positioned along a length of the plasma region. At least a portion of the
cathode impacted by the positive ions is composed of a material suitable for generating
electrons. Certain non-limiting embodiments of the cathode disposed in the cathode
region of the emitter also may include an inser, such as, for example, a molybdenum
insert, having a high melting temperature and a low work function so as to facilitate
generation of electrons. The cathode and the anode are positioned relative to one
another so that the positive ions in the plasma generated by the wire anode accelerate
toward and impinge on the cathode under influence of the electric field between the

electrodes, liberating the wide-area field of secondary electrons tfrom the cathode.

[0050] Certain non-limiting embodiments of the wire-discharge ion plasma
electron emitter include at least one suitably electron transmissive window, such as a

thin electron transmissive titanium or aluminum foil, that opens through a wall of the
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furnace vacuum chamber. Alternative materials from which the electron transmissive
window may be constructed include, for example, BN, diamond, and certain other
materials composed of low atomic number elements. As discussed herein, other
embodiments of the wire-discharge ion plasma electron emitter do not include an
electron transmissive window, in which case the plasma region of the emitter fluidly
communicates with the vacuum chamber holding the molten material. In either case,
the wide-area electron field derived enters the furnace chamber and may be impinged
on the materal within the chamber. If an electron transmissive window does separate
the interior of the electron emitter from the vacuum chamber (as discussed further
herein), then the electron field passes through the window as it is projected from the
electron emitter into the vacuum chamber. In certain non-limiting embodiments of a
wire-discharge ion plasma electron emitter, the high voltage power supply electrically
coupled to the cathode powers the cathode to a negative voltage greater than 20,000
volts. The negative voltage serves the functions of accelerating the positive ions in the

plasma toward the cathode and then repelling the secondary electron field from the

cathode and toward the anode.

[0051]  An electron transmissive window is necessary if the pressure within the
wire-discharge ion plasma electron emitter differs significantly from the pressure within
the furmace chamber, in which case the foil window serves to isolate the two adjacent
regions of differing pressure. An advantage of wire-discharge ion plasma electron
emitters relative to non-gas containing electron emitters, such as thermo-ionic electron
beam guns, is that wire-discharge ion plasma electron emitters must include gas within
the plasma region to serve as the plasma source. Although wire-discharge ion plasma
electron emitters can operate at very low gas pressures, such devices also can operate
effectively at relatively high gas pressures. In contrast, conventional electron beam
melting furnaces commonly operate at uitra low vacuum conditions, and in that case an
electron transmissive window would be necessary to separate the gas atmosphere
within the wire-discharge ion plasma electron emitter and the near vacuum environment
within the furnace chamber. It appears, however, that volatile element evaporation

within the turnace chamber may be reduced by increasing the gas pressure within the
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furnace chamber beyond the ultra-low levels of conventional linear (thermo-ionic
emitter) electron beam melting furnaces. Those conventional pressures levels are
typically within the range of 10° to 7.5 p (10° to 1 Pa) and do not exceed 15 y (2 Pa).

Increasing pressure within the furnace chamber beyond conventional levels, ie., to

pressures exceeding 40 p (5.3 Pa), or more preferably exceeding 300 u (40 Pa),
Increases the pressure at the surface of the molten material within the furnace and

thereby reduces the driving force for undesirable vaporization. For example, data
presented in H. Duval et al, “Theoretical and Experimental Approach of the
Volatilization in Vacuum Metallurgy”, suggests that there is a significant reduction in
chromium vapor transport at 66.7 Pa (500 mTorr) argon relative to 4.27 Pa (35 mTorr)
argon. Because wire-discharge plasma ion electron emitters already require a partial
gas pressure environment (typically of helium) to be operational, the present inventors
consider it possible that both the wire-discharge plasma ion electron emitter and the
furnace chamber could be operated at substantially the same pressure, wherein the
pressure is sufficiently high to allow the electron emitter to operate and also is higher
than in conventional electron beam furnaces, thereby reducing undesirable volatilization
within the furmace chamber. In such case, the electron transmissive window may be
omitted such that the gas environment within the emitter and the furnace chamber is
substantially the same. Alternatively, in another embodiment of a wire-discharge ion
plasma eiectron emitter the electrons generated by the emitter pass through a gas-
Impermeable window that is transparent to electrons, wherein the pressure of ionizable
gas within the emitter is suitable for electron emitter operation and the furnace chamber
IS operated at a pressure greater than conventional pressures in electron beam
turnaces and is suitable for minimizing or reducing undesirable volatilization. It will be
understood that the reduction in undesirable elemental vaporization would be optimized
by both utilizing one or more wire-discharge ion plasma electron emitters, which do not

create points of intense heating, along with furnace chamber pressures greater than is

conventional in electron beam furnaces.
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[0052] Further discussion of possible embodiments of an electron beam
melting fumace and possible embodiments of a wire-discharge ion plasma electron

emitter usetul in connection with a furnace according to the present disclosure are

provided below.

[0053] Figure 3 schematically illustrates one possible non-limiting
embodiment of an improved electron beam melting furnace according to the present
disclosure. Furnace 210 includes vacuum chamber 214 at least partially defined by
chamber wall 215. Wire-discharge ion plasma electron emitters 216 are positioned
outside and adjacent chamber 214. The wire-discharge ion plasma electron emitters
216 project wide-area electron fields 218 into the interior of the chamber 214. Similar
to the conventional furnace 110 shown in Figure 1, alloy bar 220 is introduced into
chamber 214 by a bar feeder 219. Molten alloy 226 is produced by impinging<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>