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FIG. 1

Comparison of production steps in commercial Ti-Al-V alloys and in

embodiment of present invention.

(57) Abstract: A method is provided for the production of titani-
um-aluminum-vanadium alloy products directly from a variety of ti-
tanium and vanadium bearing ores that reduces the processing steps
significantly as compared to current Ti-AI-V alloy production meth-
ods.
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A METHOD FOR PRODUCING TITANIUM-ALUMINUM-VANADIUM ALLOY

BACKGROUND OF THE DISCLOSURE

1. Related Applications

[0001] This application claims the benefit, and priority benefit, of U.S. Application Serial No.
62/394,588, filed September 14, 2016, the disclosure and contents of which are incorporated

by reference herein in their entirety.

2. Field of the Invention

[0002] The present invention relates to a method for producing metal alloys, and more
particularly, to a method for producing titanium alloys such as Ti-6Al-4V (“Ti64”), a titanium-

aluminum-vanadium (Ti-Al-V) alloy.

3. Description of the Related Art

[0003] Superior structural properties such as corrosion resistance, light weight and high-
melting point make titanium and its alloys the material of choice for many engineering
applications. The alloy Ti-6Al-4V (Ti64) is the most commonly used titanium alloy and is
known as the “workhorse” of the titanium alloys. As of today, 50% of all titanium metal is
used as Ti64 titanium alloy that is produced from titanium sponge. Ti64 is significantly
stronger than unalloyed titanium and — in contrast to commercially pure titanium - may be
heat treated to increase its strength which makes Ti64 an excellent combination of high
strength, light weight, high corrosion resistance and good formability.

[0004] However, the use of titanium and its alloys is limited due to the high cost associated
with their production. For example, to produce a Ti-Al-V alloy according to currently known
methods, titanium sponge must first be produced by using a process known as the “Kroll
process”, and then aluminum and vanadium must be added by using various melting
processes. In some instances, hydraulic presses are used to form alloy compacts, which are
in turn welded together to form electrodes which are melted several times in a vacuum arc
remelt furnace to obtain a good quality alloy. Therefore, the cost of titanium alloys is several

times higher than the original cost of titanium. Titanium alloy powder production requires
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further processing steps and requires alloyed titanium as the starting feedstock. Therefore,
the powder cost will be 15-30 times higher than the original titanium.

[0005] Despite the cost of production, titanium alloys are the only choice of many
engineering applications. Accordingly, there is a need for a new titanium alloy production
process that reduces the cost significantly.

[0006] Attempts have been made to produce Ti-6Al-4V alloy directly without using titanium
sponge. For example, a research paper by Gao et. al. (Study on preparing Ti6Al4V alloy from
V-Ti bearing beachplacers, Energy Technology: Carbon Dioxide Management and Other
Technologies, Edited by L. Li, D. P. Guillen, N. R. Neelameggham, L. Zhang, J. Zhu, X. Liu, S. N.
Basu, N. Haque, T. Wang, D. E. Verhulst and A. Pandey, TMS, 2016) describes the production
of Ti-6Al-4V by using traditional aluminothermic reduction with accelerants. However, a
Ti64 product was never realized. Additionally, the use of booster/accelerants and additional
heat generating components adds an extra cost to the process, and these materials are
unsafe to handle.

[0007] US 2008/0187455A1 (Armstrong et. al), US 8,562,715B2 (Haidar) and a research paper
by J.C. Withers (Production of titanium powder by an electrolytic method and compaction of
the powder, Titanium Powder Metallurgy, Science, Technology and Applications, Edited by
M. Quian and F. H. Froes, Elsevier, 2015) each describe different methods of direct
production of Ti-6Al-4V using a mixture of chlorides of titanium, vanadium and aluminum as
precursor materials. None of these references describe the direct use of titanium and
vanadium oxide bearing ores for purposes of Ti-6Al-4V production.

[0008] In general, existing literature teaches away from using aluminothermic and
electrochemical methods to produce Ti-Al-V alloys directly. Moreover, fundamental
thermodynamic and electrochemical theory teaches away from using these methods. Itis
believed that no commercial process to directly produce Ti-Al-V alloys without post-process

melting/alloying currently exists.
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SUMMARY OF THE DISCLOSURE

[0009] The present invention provides a method for the production of titanium-aluminum-
vanadium alloys directly, without the need to use previously produced titanium metal as a
starting material. Therefore, the number of processing steps and the cost associated with

each processing step are significantly reduced.

[0010] In an embodiment, one can produce a desired alloy by including the desired alloying
metal ore in the feedstock in at least the stoichiometric quantity necessary in relation to the
titanium, vanadium and aluminum present. For some compositions, adjustments to the
ratio of alloying metal ores in the feedstock will be necessary to optimize yield as certain
metals influence the reaction output differently than others. Empirical analysis of yields will
allow slight variations to account for metal combinations not specifically described in the
examples.

[0011] The present invention also provides a method for the production of titanium-
aluminum-vanadium alloy products directly from a variety of titanium and vanadium bearing
ores that reduces the number of processing steps significantly as compared to current Ti-Al-
V alloy production methods.

[0012] Additional aspects and advantages of the present invention will be set forth in part in
the description which follows and, in part, will be obvious from the description, or may be

learned by practice of the invention.

[0013] The present invention may be achieved by providing a method that includes heating
a chemical blend, and the chemical blend includes a mixture of a titanium-bearing ore and a
vanadium-bearing ore, an Al reducing agent configured to reduce the titanium and vanadium
bearing ore mixture to a crude titanium-aluminum-vanadium alloy product, and a viscosity
agent; initiating, sustaining and controlling an extraction reaction in the chemical blend to
form a crude titanium-aluminum-vanadium alloy product and the extracted product includes
at least 3.0 wt% oxygen, and a residual slag; and separating the residual slag from the crude
titanium-aluminum-vanadium alloy product, and via the chemical blend ratio, the viscosity
agent adjusts the slag viscosity to allow for efficient separation of the crude
titanium-aluminum-vanadium alloy product from the residual slag into two layers during the

reaction; configuring the crude titanium-aluminum-vanadium alloy product from the
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extraction reaction as an anode in an electrolytic cell, and the electrolytic cell is configured
with an electrolyte; heating the electrolyte to a temperature between 600°C and 900°C to
provide a molten electrolyte, and the molten electrolyte is retained in a reaction vessel and
is in contact with the anode and a cathode; directing a current from the anode, through the
molten electrolyte bath to the cathode; depositing a refined titanium-aluminum-vanadium
alloy product on the cathode; and recovering the refined titanium-aluminum-vanadium alloy
product from the reaction vessel, and the refined titanium-aluminum-vanadium alloy
product includes at least 85 wt. % titanium and 5.0 wt. % aluminum and 3.0 wt. %

vanadium.

[0014] In another embodiment, the viscosity agent is CaF,, the titanium-bearing ore includes
titanium oxide (TiO,) and the vanadium bearing ore includes vanadium oxide (V,0s), and,
according to the generalized chemical equation below, the molar ratio of the titanium oxide
and vanadium oxide components in the ore mixture to the reducing agent to viscosity agent
corresponds to a ratio of 3 moles of the titanium oxide and 0.12 to 0.24 moles of the
vanadium oxide components in the ore mixture, from 0.6 to 0.7 of the Al reducing agent,

and from 1.0 to 1.6 of the CaF, viscosity agent.

[0015] In another embodiment, the chemical blend includes a ratio of the titanium and
vanadium bearing ore mixture to the reducing agent that corresponds to a weight ratio of
titanium oxide and vanadium oxide components in the ore mixture to reducing metal in the

reducing agent of 1.7 to 2.3.

[0016] In another embodiment, the heating step further includes heating the chemical

blend at a ramp up rate between 1°C to 125°C/min.

[0017] In another embodiment, the heating step further includes heating the chemical

blend to a temperature between 1500-1800°C.

[0018] In another embodiment, the heating step further includes externally heating the
chemical blend to maintain the chemical blend at a reaction temperature between 1600-

1800°C for a time period between 5 and 30 minutes.

[0019] In another embodiment, the thermal extraction process further includes, after the
reacting step, cooling the crude titanium-aluminum-vanadium product and residual slag to a

temperature between 1500°C and 1600°C.
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[0020] In another embodiment, the titanium-bearing ore includes titanium oxide, the
vanadium-bearing ore includes vanadium oxide, the reducing agent includes aluminum, and
the viscosity agent includes calcium fluoride, and the ratio of titanium-bearing ore to
vanadium-bearing ore to reducing agent to viscosity agent corresponds to the following

equation:

[0021] 3(TiO; + xV,0s) + (4 +y)Al + zCaF; -> 3TiyAl6xV + 4Al,05 + zCaF,,
[0022] Where: 0.04 <x<0.08and 0.3<y<1.2and2.0<z<3.0.
[0023] In another embodiment, 0.05 < x<0.07and 0.4 <y<1.1.
[0024] In another embodiment, x=0.06 and y = 0.9.

[0025] In another embodiment, the titanium-vanadium bearing ore mixture includes
titanium oxide (TiO,) and vanadium oxide (V,0s), and the weight ratio of the titanium oxide

to the vanadium oxide component in the ore mixture corresponds to a ratio of 5.5 to 11.

[0026] In another embodiment, the blend further includes a viscosity agent, and the
viscosity agent includes calcium fluoride (CaF,), and the ratio of the titanium and vanadium
bearing ore mixture to the viscosity agent CaF; that corresponds to a weight ratio of titanium
oxide and vanadium oxide components in the ore mixture to viscosity agent CaF, is 1.1 to

1.8.

[0027] In another embodiment, the thermally extracted crude
titanium-aluminum-vanadium-oxygen alloy product includes at least 66.0 % titanium, 11.0 %

aluminum, 6.0% vanadium and 3.0 % oxygen by weight.

[0028] In another embodiment, the thermally extracted crude titanium-aluminum-

vanadium product yield is between 85.0%-95.0%

[0029] In another embodiment, the refined titanium-aluminum-vanadium metal alloy

product is fibrous.

[0030] In another embodiment, the refined titanium-aluminum-vanadium metal alloy

product has a wool-like morphology.

[0031] In another embodiment, the method further includes compacting a refined
titanium-aluminum-vanadium metal alloy product into a near net shaped green compact

without a binding agent.
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[0032] In another embodiment, the refined titanium product includes titanium-

aluminum-vanadium metal alloy wool.

[0033] In another embodiment, the refined titanium-aluminum-vanadium alloy product

includes at least 88.0 % titanium, 5.0 % aluminum, and 3.0 wt.% vanadium by weight.

[0034] In another embodiment, the method further includes grinding and/or spheroidizing a

refined titanium-aluminum-vanadium metal alloy product into a powder.

[0035] In another embodiment, the metal alloy powder includes at least 90 wt % titanium

and 5.5 wt % aluminum and 3.5 wt % vanadium.

[0036] In another embodiment, the titanium-vanadium bearing ore mixture has a particle

size between 50 microns and 200 microns.

[0037] In another embodiment, the titanium-vanadium bearing ore mixture has a particle

size less than 80 microns.

[0038] In another embodiment, a vanadium-bearing ore may or may not be excluded from
the chemical blend and appropriate quantities of aluminum, iron, chromium, copper,
manganese, silicon, zirconium, molybdenum, silver, vanadium, nickel, cobalt, tin, rare-earth

or other ores may be used to produce alloys of desired composition.
[0039] In another embodiment, the electrical differential is between 0.5 volts and 2.5 volts.
[0040] In another embodiment, the current density is between 0.01A/cm? and 1.0 A/cm?.

[0041] In another embodiment, the heating step further includes heating the chemical

blend at a ramp up rate between 1°C to 10 °C/min.

[0042] In another embodiment, the electrolyte consists essentially of halide salts of alkali
metals; halide salts of alkali earth metals; or a combination of halide salts of alkali metals

and halide salts of alkali earth metals.

[0043] The present invention may also be achieved by providing a method including heating
a chemical blend to a temperature of between 1500°C—- 1800°C and the chemical blend
includes a mixture of titanium-bearing ore comprising titanium oxide (TiO;) and vanadium
bearing ore comprising vanadium oxide (V,0s); an Al reducing agent, configured to reduce
the titanium and vanadium bearing ore mixture to a crude titanium-aluminum-vanadium

product; and a CaF; viscosity agent; and according to the generalized chemical equation
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herein, the molar ratio of the titanium oxide and vanadium oxide components in the ore
mixture to the reducing agent to viscosity agent corresponds to a ratio of 3 moles of the
titanium oxide and 0.12 to 0.24 moles of the vanadium oxide components in the ore
mixture, from 0.6 to 0.7 of the Al reducing agent, and from 1.0 to 1.6 of the CaF; viscosity
agent; initiating an extraction reaction in the chemical blend to form a crude titanium-
aluminum-vanadium product and the extracted product includes at least 66.0 wt. %
titanium, 11.0 wt.% aluminum, 6.0 wt% vanadium and 3.0 wt% oxygen, and a residual slag;
and separating the residual slag from the crude titanium-aluminum-vanadium product, and
via the chemical blend ratio, the CaF; viscosity agent adjusts the slag viscosity to allow for
efficient separation of the titanium product from the residual slag into two layers during the
reaction; configuring the titanium product from the extraction reaction as an anode in an
electrolytic cell, and the electrolytic cell is configured with an electrolyte; heating the
electrolyte consisting of halide salts of alkali metals, halide salts of alkali earth metals, and
combinations thereof, to a temperature between 600°C and 900°C to provide a molten
electrolyte, and the molten electrolyte is retained in a reaction vessel and is in contact with
the anode and a cathode; directing a current from the anode, through the molten
electrolyte bath to the cathode, depositing a refined titanium-aluminum-vanadium alloy on
the cathode, and recovering the refined titanium-aluminum-vanadium alloy product from
the reaction vessel, and the refined titanium-aluminum-vanadium alloy includes at least 85.0

wt. % titanium, 5.0 wt% aluminum and 3.0 wt% vanadium.

[0044] In another embodiment, the method can further include initiating, sustaining and

controlling the extraction reaction in the chemical blend.

[0045] In another embodiment, the chemical blend includes a ratio of the titanium and
vanadium bearing ore mixture to the reducing agent that corresponds to a weight ratio of
titanium oxide and vanadium oxide components in the ore mixture to reducing metal in the

reducing agent of 1.8 to 2.2.

[0046] In another embodiment, the chemical blend includes a ratio of the titanium and
vanadium bearing ore mixture to the reducing agent that corresponds to a weight ratio of
titanium oxide and vanadium oxide components in the ore mixture to reducing metal in the

reducing agent of 2.0 to 2.3.
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[0047] In another embodiment, the heating step further includes heating the chemical

blend at a ramp up rate between 1°C to 25°C/minute.

[0048] In another embodiment, the heating step further includes heating the chemical

blend at a ramp up rate between 26°C to 50°C/minute.

[0049] In another embodiment, the heating step further includes heating the chemical

blend at a ramp up rate between 51°C to 100°C/minute.

[0050] In another embodiment, the heating step further includes heating the chemical

blend at a ramp up rate between 101°C to 125°C/minute.

[0051] In another embodiment, the heating step further includes externally heating the
chemical blend to maintain the chemical blend at a reaction temperature between 1600-

1800°C for a time period between 10 and 20 minutes.

[0052] In another embodiment, the heating step further includes externally heating the
chemical blend to maintain the chemical blend at a reaction temperature between 1600-

1800°C for a time period between 21 and 30 minutes.

[0053] In another embodiment, the thermal extraction process further includes, after the
reacting step, cooling the crude titanium-aluminum-vanadium product and residual slag to a

temperature between 1500°C and 1600°C.

[0054] In another embodiment, the titanium-vanadium bearing ore mixture includes
titanium oxide (TiO,) and vanadium oxide (V,0s), and the weight ratio of the titanium oxide

to the vanadium oxide component in the ore mixture corresponds to a ratio of 6.0 to 10.

[0055] In another embodiment, the blend further includes a viscosity agent, and the
viscosity agent includes calcium fluoride (CaF,), and the ratio of the titanium and vanadium
bearing ore mixture to the viscosity agent CaF, that corresponds to a weight ratio of titanium
oxide and vanadium oxide components in the ore mixture to viscosity agent CaF, is 1.2 to

1.6.

[0056] In another embodiment, the thermally extracted crude titanium-aluminum-
vanadium product includes between 66-76 % titanium, 11-21 % aluminum, 6-10 % vanadium

and 3-7 % oxygen.

[0057] In another embodiment, the thermally extracted crude titanium-aluminum-
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vanadium product yield is between 85.0%-95.0%

[0058] In another embodiment, the refined titanium-aluminum-vanadium metal alloy

product is fibrous.

[0059] In another embodiment, the refined titanium-aluminum-vanadium metal alloy

product has a wool-like morphology.

[0060] In another embodiment, the method further includes compacting a refined titanium-
aluminum-vanadium metal alloy product into a near net shaped green compact without a

binding agent.

[0061] In another embodiment, the refined titanium product includes titanium-aluminum-

vanadium metal alloy wool.

[0062] In another embodiment, the refined titanium-aluminum-vanadium alloy product

includes 88-92 wt. % titanium, 5.0-7.0 wt. % aluminum, and 3-5 wt.% vanadium.

[0063] In another embodiment, the method further includes grinding a refined titanium-

aluminum-vanadium metal alloy product into a powder.

[0064] In another embodiment, the method further includes grinding and/or spheroidizing a

refined titanium-aluminum-vanadium metal alloy product into a powder.

[0065] In another embodiment, the metal alloy powder includes at least 88.0 wt. % titanium

and 5.0 wt % aluminum and 3.0 wt % vanadium.

[0066] In another embodiment, the titanium-vanadium bearing ore mixture has a particle

size between 81 microns and 100 microns.

[0067] In another embodiment, the titanium-vanadium bearing ore mixture has a particle

size between 101 microns and 200 microns.

[0068] In another embodiment, the titanium-vanadium bearing ore mixture has a particle

size less than 80 microns.

[0069] In another embodiment, a vanadium-bearing ore may or may not be excluded from
the chemical blend and appropriate quantities of aluminum, iron, chromium, copper,
manganese, silicon, zirconium, molybdenum, silver, vanadium, nickel, cobalt, tin, rare-earth

or other ores are used to produce alloys of desired composition.
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[0070] In another embodiment, the titanium-vanadium bearing ore mixture includes

between 75- 95% by weight oxide components.

[0071] In another embodiment, the titanium-vanadium bearing ore mixture includes

between 95- 99% by weight oxide components.

[0072] In another embodiment, the electrical differential is between 0.7 volts and 1.4volts.
[0073] In another embodiment, the electrical differential is between 1.5 volts and 2.0 volts.
[0074] In another embodiment, the electrical differential is between 2.1 volts and 3.0 volts.
[0075] In another embodiment, the current density is between 0.01A/cm? and 0.06 A/cm?.
[0076] In another embodiment, the current density is between 0.07A/cm? and 1.0 A/cm”.

[0077] The present invention may also be achieved by providing a method including
applying a thermal extraction process to a blend of titanium-bearing ore and vanadium-
bearing ore, and the thermal extraction process includes heating a chemical blend to initiate
an extraction reaction, and the chemical blend includes: a titanium-bearing ore, a vanadium
bearing ore, and a reducing agent; reacting the chemical blend to form a crude
titanium-aluminum-vanadium product, and a residual slag, and via the viscosity agent, the
crude titanium-aluminum-vanadium product is separated from the residual slag into two
layers; refining the crude titanium-aluminum-vanadium product obtained from the thermal
extraction process in an electrochemical separation process, and the electrochemical
separation process includes heating an electrolyte consisting essentially of halide salts of
alkali metals, halide salts of alkali earth metals, or combinations thereof, to a temperature
between 600°C and 900°C to provide a molten electrolyte, and the electrolyte is retained in
a reaction vessel; applying an electrical differential between an anode and a cathode to
deposit titanium on the cathode, and the anode and cathode are configured in the reaction
vessel in contact with the electrolyte; and recovering a refined titanium-aluminum-vanadium
product from the reaction vessel, and the refined titanium-aluminum-vanadium product
includes at least 85 wt. % titanium and 5 wt % aluminum and 3 wt % vanadium, further and
the refined titanium product is configured as a fibrous, wool-like morphology; and pressing

the refined titanium product in a mold to form a near-net shaped titanium part.

[0078] In another embodiment, the present invention may be utilized to heat a chemical

10
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blend to initiate, sustain and control an extraction reaction.

[0079] In another embodiment, the present invention may be achieved by conducting a
thermal reaction to extract a crude titanium-aluminum-vanadium product containing oxygen
from a mixture of titanium and vanadium-bearing ores, and refining the product obtained
from the thermal extraction process in an electrochemical separation process to produce a
Ti-Al-V alloy.

[0080] In another embodiment, the thermal extraction process can include mixing a
chemical blend comprising a titanium-bearing ore, a vanadium bearing ore, a reducing
agent, and a viscosity agent wherein a ratio of the titanium and vanadium bearing ores to
the reducing agent corresponds to a weight ratio of titanium oxide and vanadium oxide
components in the ore mixture to the reducing metal in the reducing agent is 1.7 to 2.1;
heating the chemical blend to initiate, sustain and control an extraction reaction, wherein
the chemical blend is heated at a ramp up rate between 5°C to 15°C/min; maintaining the
chemical blend at a reaction temperature between 1500-1800°C for a time period between
5 and 30 minutes; cooling the chemical blend to a temperature between 1500°C and 1600°C,
then cooling to room temperature; and separating a titanium product from a residual slag.
[0081] In another embodiment, the refining process includes placing thermally extracted
product in an anode compartment, heating an electrolyte to temperature between 600°C
and 900°C, applying a potential difference of 0.5V — 2.0V between the electrodes and
recovering the titanium-aluminum-vanadium alloy.

[0082] In another embodiment, the mixture of titanium and vanadium bearing ore can
include (by weight) between 25% and 95% titanium oxide (TiO;) and vanadium oxide (V,0s),

wherein weight ratio of TiO, to V,05 is 8.0 to 11.

[0083] In another embodiment, the elemental composition of the crude, extracted metal is
of fundamental importance to the present invention. This material is used as feedstock for
the refining portion of the process and will determine the chemical makeup of the final alloy

product.

[0084] In another embodiment, in order to produce a Ti64 alloy, the thermally extracted
crude titanium-aluminum-vanadium product includes between 66-76 % titanium, 11-21 %

Al, 6-10 %V and 3-7 % O.

11
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[0085] In another embodiment, the refined titanium-aluminum-vanadium alloy includes

between 88-92% titanium, 5-7% Al and 3-5%V.

12
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BRIEF DESCRIPTION OF THE DRAWINGS

[0086] FIG.1 illustrates a comparison of production steps for commercial Ti-Al-V alloys and

for an embodiment of the present invention.
[0087] FIG.2 illustrates a Scanning Electron Microscope (SEM) image of refined Ti-Al-V alloy

wool according to an embodiment of the present invention.

13
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0088] Reference will now be made in detail to the various embodiments of the present
invention. The embodiments are described below to provide a more complete
understanding of the components, processes and apparatuses of the present invention. Any
examples given are intended to be illustrative, and not restrictive. Throughout the
specification and claims, the following terms take the meanings explicitly associated herein,
unless the context clearly dictates otherwise. The phrases “in some embodiments” and “in
an embodiment” as used herein do not necessarily refer to the same embodiment(s),
though they may. Furthermore, the phrases “in another embodiment” and “in some other
embodiments” as used herein do not necessarily refer to a different embodiment, although
they may. As described below, various embodiments of the present invention may be readily
combined, without departing from the scope or spirit of the present invention.

[0089] As used herein, the term "or" is an inclusive operator, and is equivalent to the term
"and/or," unless the context clearly dictates otherwise. The term "based on" is not exclusive
and allows for being based on additional factors not described, unless the context clearly

nn

dictates otherwise. In addition, throughout the specification, the meaning of "a," "an," and

"the" include plural references. The meaning of "in" includes "in" and "on."

[0090] The present invention provides methods for extracting a titanium-aluminum-
vanadium alloy metal product directly from titanium and vanadium bearing ores. Titanium-
vanadium-aluminum alloys such as Ti-6Al-4V alloy can be produced in a more economical
and efficient way than existing commercial methods. Titanium-aluminum-vanadium alloys
can be produced directly, without the need to use previously produced titanium metal as a
starting material. Therefore, the number of processing steps and the cost associated with
each processing step are significantly reduced (see FIG.1). Further, titanium-vanadium-
aluminum alloys can be produced in an environmental benign way without producing carbon
dioxide gas (CO,) or other “greenhouse” gases and without using hazardous or dangerous

chemicals such as chlorides of titanium or vanadium and perchlorates or permanganates.

[0091] In one embodiment, the present invention provides methods for the production of
metal alloy products that include the use of metal-bearing ores, extraction of metal products

from the metal-bearing ores, and refining of the extracted metal products into refined metal
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alloy products.

[0092] For example, in some embodiments, the present invention provides methods for the
production of titanium alloy products from a mixture of titanium and other metal bearing
ores. However, the present invention is not limited thereto, and other embodiments of the
present invention may be used for the production of other metal alloy products, such as, but
not limited to, any combination of aluminum, iron, chromium, copper, manganese, silicon,
zirconium, molybdenum, silver, vanadium, nickel, cobalt, tin, and rare-earth metals.

[0093] One embodiment of the present invention provides a method for the production of
titanium alloy products, particularly titanium-aluminum-vanadium (Ti-Al-V) from a mixture
of titanium and vanadium bearing ores. A method for the production of titanium-aluminum-
vanadium alloy products may include preparation of the titanium and vanadium bearing
ores, extracting the crude titanium-aluminum-vanadium product from the mixture of
titanium and vanadium bearing ores, and refining the extracted crude titanium-aluminum-
vanadium product. In other embodiments, the method may include conversion of refined
Ti-Al-V alloy products into final titanium-aluminum-vanadium alloy powder or ingot
products.

[0094] Unlike conventional processes, the present invention provides an economical and
environmentally safe method of producing titanium-aluminum-vanadium alloy products
directly from a wide variety of mixtures of titanium and vanadium bearing ores. While
conventional methods of alloying require previously generated titanium metal to produce
titanium-aluminum-vanadium or other titanium alloys, the present invention may use a
mixture of titanium and vanadium bearing ores or a mixture of titanium and other metal
bearing ores. For example, in conventional methods of producing Ti-Al-V alloy, Ti metal
produced by a method known as the “Kroll Process” is required and then alloying elements
Al and V are added. In contrast, the present invention can use mixtures of titanium and
vanadium bearing ores and the reducing agent aluminum to produce Ti-Al-V alloy. The
present invention can be used with titanium- and vanadium-bearing ore concentrates, or
mixtures thereof, where TiO, and V,0s are from 95 to 99% within. However, these types of
high purity ores are typically prohibitively expensive. Additionally, the present invention can
be used with titanium bearing ores, or mixtures of titanium-bearing ores, having a TiO,
concentration of less than 95%. In another example, the present invention can be used with

titanium-bearing ores, or mixtures of titanium-bearing ores, having a TiO, concentration of
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less than 90%. In another example, the present invention can be used with titanium-bearing
ores, or mixtures of titanium-bearing ores, having a TiO, concentration of less than 85%. In
another example, the present invention can be used with titanium-bearing ores, or mixtures
of titanium-bearing ores, having a TiO, concentration of less than 80%. In another example,
the present invention can be used with titanium-bearing ores, or mixtures of titanium-
bearing ores, having a TiO; concentration of less than 75%. In another example, the present
invention can be used with titanium-bearing ores, or mixtures of titanium-bearing ores,
having a TiO; concentration of less than 70%. In another example, the present invention can
be used with titanium-bearing ores, or mixtures of titanium-bearing ores, having a TiO;
concentration between 25% and 95%. In yet another example, the present invention can be
used with titanium-bearing ores, or mixtures of titanium-bearing ores, having a TiO,
concentration of at least 35%. The present invention can be used with vanadium bearing
ores, or mixtures of vanadium-bearing ores, having a V,0s concentration of less than 95%. In
another example, the present invention can be used with vanadium-bearing ores, or
mixtures of vanadium-bearing ores, having a V,0s concentration of less than 90%. In
another example, the present invention can be used with vanadium-bearing ores, or
mixtures of vanadium-bearing ores, having a V,0s concentration of less than 85%. In
another example, the present invention can be used with titanium-bearing ores, or mixtures
of titanium-bearing ores, having a TiO, concentration of less than 80%. In another example,
the present invention can be used with titanium-bearing ores, or mixtures of titanium-
bearing ores, having a TiO; concentration of less than 75%. In other embodiments, the
present invention can use a mixture of titanium and vanadium bearing ores having between
25% and 95% titanium oxide (TiO,) and vanadium oxide (V,0s), up to 30% calcium (Ca), up to
20% magnesium (Mg), up to 20% manganese (Mn), and at least 5% by weight iron (Fe). In
another embodiment, the present invention can use a mixture of titanium and vanadium
bearing ores having more than 50% titanium oxide (TiO;) and vanadium oxide (V,0s), more
than 5% calcium (Ca), more than 5% magnesium (Mg), more than 5% manganese (Mn), and
more than 5% by weight iron (Fe).

[0095] It will be obvious to one skilled in the art that ores containing undesirable
components that can be reduced with aluminum (e.g., iron oxide) will require larger
guantities of ore and higher amounts of aluminum to extract a given amount of titanium and

vanadium.
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[0096] In one embodiment of the invention, the method for the extraction of crude
titanium-aluminum-vanadium products from a mixture of titanium and vanadium bearing
ores and the refining of the extracted crude titanium-aluminum-vanadium products may
include preparing the titanium and/or vanadium bearing ores for extraction. Titanium
and/or vanadium bearing ores are typically laden with impurities and agglomerated as taken
from the earth. Accordingly, the raw titanium and/or vanadium-bearing ore may be subject
to cleaning or concentration processes during operation to remove gangue minerals and to
create titanium and/or vanadium bearing ore concentrates before extracting the crude
titanium-aluminum-vanadium product therefrom in accordance with the present invention.
For example, the raw titanium and/or vanadium bearing ore may be subject to a physical
concentration method, such as crushing, separation of heavier and lighter particles, and may
be subject to removal of gangue minerals by spiral concentration to produce a titanium
and/or vanadium-bearing ore concentrate. In one embodiment, the titanium and/or
vanadium-bearing ores or titanium and/or vanadium-bearing ore concentrates are ground to
a nominal particle size range of between 50 to 200 micron diameter. In another
embodiment, the titanium and/or vanadium-bearing ore concentrates are processed to have

a particle size range of up to 1000 micron diameter in operation.

[0097] In an embodiment of the present invention, a crude titanium-aluminum-vanadium
product is extracted from the mixture of titanium-bearing ore and vanadium-bearing ore.
The titanium-bearing ore and/or vanadium bearing ore may be prepared beforehand into a
titanium-bearing ore and/or vanadium bearing ore concentrate. In one embodiment of the
invention, extracting the crude titanium-aluminum-vanadium product from the mixture of
titanium-bearing ore and vanadium bearing ore includes a thermal extraction reaction. For
example, in one embodiment, the mixture of titanium-bearing ore and vanadium bearing
ore is subject to thermal extraction to produce the crude titanium-aluminum-vanadium
product. In some embodiments, the mixture of titanium-bearing ore and vanadium bearing
ore is mixed with other components and agents to create a chemical blend that is then
subjected to the thermal extraction. For example, the titanium-bearing ore may be mixed
with one or more other components, such as reducing agents and viscosity agents, to create

the chemical blend subjected to thermal extraction in the present invention.

[0098] In one embodiment, the chemical blend includes a reducing agent. Aluminum (Al),

17



WO 2018/125322 PCT/US2017/051399

magnesium (Mg), sodium (Na), calcium (Ca) and carbon (C) are the common reducing
agents. However, aluminum is the only viable reducing agent in the present invention in
circumstances where the final titanium alloy is required to contain a significant amount of

aluminum, such as, for example, 6.0% Al by weight in the Ti-6Al-4V alloy.

[0099] In one embodiment, the amount of other components needed for the chemical
blend corresponds to the composition of the titanium and vanadium bearing ore mixture.
For example, the amount of other components would correspond to the TiO; and V,05

components in the ore mixture according to the following equation;
[00100] 3(TiO; + xV,0s) + (4 +y)Al + zCaF; -> 3TiyAl6xV + 4Al,03 + zCaF,,
[00101] Where:0.04 <x<0.08and0.3<y<1.2and2.0<z<3.0.
[00102] In another embodiment, 0.07 <x<0.08and 0.6 <y<1.1.
[00103] Inanother embodiment, x=0.06 and y =0.9.

[00104] In one embodiment, the chemical blend includes a mixture of titanium oxide
(TiO,) bearing ore and vanadium oxide (V,0s) bearing ore and an aluminum (Al) reducing
agent and the weight ratio of (Ti0O,+V,0s):Al in the chemical blend is from 1.7 to 2.2. In
others of these embodiments, the weight ratio of (TiO,+V,05):Al in the chemical blend is
from 2.1 to 2.3. In yet others of these embodiments, the weight ratio of (TiO,+V,0s):Al in

the chemical blend is from 2.0 to 2.2.

[00105] In one embodiment, the chemical blend includes a mixture of TiO, bearing ore and

V,0s5 bearing ore, wherein the Ti0,:V,05 weight ratio is from 5.5 to 8.0.

[00106] In another embodiment, the chemical blend includes one or more viscosity agents
to achieve a desired slag viscosity. Adjusting the slag viscosity allows efficient separation of
the metal alloy from the metal-bearing ore, and produces a slag that can be removed from
the metal alloy after solidification and cooling has occurred. In one embodiment, viscosity
agents are chosen that only affect the viscosity of the chemical blend and resulting slag, and
affect the heat of the chemical blend only to a limited extent. Calcium fluoride (CaF,) is one
example of such a viscosity agent. CaF, does not take part in the chemical reaction between
the mixture of titanium-bearing ore and vanadium bearing ore, and the reducing agent, and

only aids in controlling the viscosity of the melt. Moreover, the melting point (1418°C) and
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boiling point (2533°C) of CaF, make it a good choice as a viscosity agent. In general,
components that do not take part in the reaction and aid in controlling the viscosity of the
slag are potential candidates. In some embodiments, various alkali halides, alkali-earth

halides, and some oxides may be used as viscosity agents.

[00107] In one embodiment, the slag viscosity can be adjusted by varying the weight ratio
of titanium oxide and vanadium oxide to CaF,. In one embodiment, the weight ratio of TiO,

and V,0; to CaF, is from 1.3 to 1.5.

[00108] According to embodiments of the present invention, the extraction operation is
externally heated. The heat generated by the mixture of titanium-bearing ore and vanadium
bearing ore and the reducing agent in the chemical blend may not be sufficient to drive the
extraction reaction by itself. That is, in order to drive the extraction reaction, the chemical
blend must reach a temperature of at least 1610°C to melt the crude titanium-aluminum-
vanadium product in the chemical blend and sustain that temperature for a minimum period

of time of 5 minutes.

[00109] In one embodiment of the invention, the extraction operation is carried out using
an external heat source. For example, in one embodiment, the extracting operation uses an
external induction furnace to heat the chemical blend. In other embodiments, the chemical
blend is heated with other external heat sources, such as a resistive heating element furnace
or an induction furnace. An externally heated extraction reaction is advantageous relative to
an internal, self-heating reaction as it provides the ability to control the chemical reaction.

In general, in an externally heated extraction reaction, the external heat initiates the
extraction process at a temperature between 1500°C and 1600°C during the induction
furnace temperature ramp up. Externally heated extraction reactions heat the entire
reaction vessel, and allow the chemical blend to mix evenly and thoroughly, allowing the

resulting crude titanium-aluminum-vanadium product and slag to separate well.

[00110] In one embodiment, the chemical blend does not need additional heat generating
components to provide supplementary internal heat when it is externally heated.
Accordingly, the chemistry of the resulting slag is less complex, allowing for a more
straightforward recycling or disposal of the slag. In addition, when the components of the

chemical blend are selected to be stable at room temperature to prevent spontaneous
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ignition, the external heat source can be used to initiate, as well as sustain and control, the

extraction reaction without the use of ignition components.

[00111] An externally heated extraction reaction is not dependent on the chemical blend
to generate heat. Instead, the external heat source provides the necessary heat that
controls the extraction reaction. In addition, when using external heat generators, the heat
is more evenly distributed throughout the blend as opposed to starting in a small, localized
area and spreading through the rest of the chemical blend as is the case when using ignition
components. Externally heated extraction reactions allow the reaction products (i.e., metal
and slag) to separate more efficiently. Additionally, the reaction temperature can be
controlled better to provide only enough heat to drive the extraction reaction and avoid
reaction of the crude titanium-aluminum-vanadium product with the slag or reaction vessel.
For example, in one embodiment, the chemical blend is placed within the induction furnace
and the induction furnace is set to ramp up at a rate of 10°C/min. In other embodiments,
the ramp up rate is between 5°C to 15°C/min. In other embodiments, the ramp up rate is
between 50°C and 125°C/min; when the temperature of the chemical blend reaches
between 1500 and 1600°C, the extraction reaction is initiated. However, at this temperature
range, the extraction process will not be completed, in certain embodiments. As the
induction furnace ramps up toward a final temperature of 1725°C, the extraction reaction
continues, and enough heat is generated during this phase of the heating profile to separate
the crude titanium-aluminum-vanadium product from the slag. Because both the crude
titanium-aluminum-vanadium product and slag are molten at this temperature, the slag,
having a lower density, rises and “floats” above the molten titanium product. In one
embodiment, the temperature is maintained at 1725°C for between 10 and 30 minutes from
the initiation of the extraction reaction. In some embodiments, the final temperature is
between 1750°C and 1800°C and the reaction time is between 10 and 20 minutes. In other
embodiments, the final temperature is between 1700°C and 1725°C and the reaction time is
between 12 and 18 minutes. In some embodiments, the reaction time range separates the
crude titanium-aluminum-vanadium product from the slag and produces crude titanium-
aluminum-vanadium product yields of between 85% and 95% based on the total amount of
titanium and vanadium in the mixture of titanium and vanadium bearing ore concentrate. If

the final temperature is maintained for less than 5 minutes, or if the final temperature is less
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than 1625°C, the extraction reaction may have less pronounced crude titanium-aluminum-
vanadium product/slag separation leading to lower crude titanium-aluminum-vanadium
product yields. If the final temperature is above 1800°C, or if the final temperature is
maintained for more than 30 minutes, the extraction reaction may produce crude titanium-
aluminum-vanadium product with higher levels of contamination as the molten titanium-

aluminum-vanadium reacts with the reaction vessel walls and the slag.

[00112] The ability to adjust the reaction temperature by an external heat source, and
controlling the duration of the period at the final temperature, allows more flexibility when
selecting chemical ratios for the extraction reaction and the type of chemical components
used. This flexibility enables the efficient incorporation of a wide range of raw ores into the

process and improves the overall efficiency of the production process.

[00113] The present invention is economically advantageous compared to previous
methods. As of today, the average cost of unalloyed titanium sponge is $9.00 per kg and Ti-
6AIl-4V is $17.00 per kg. It is estimated that the current invention will be able to produce Ti-

6Al-4V for $7-8.00 per kg, even less than unalloyed titanium.

[00114] Additionally, the present invention stays away from traditional aluminothermic
reduction, as used in previous methods, by eliminating the use of booster/accelerants and
additional heat generating components. These components add an extra cost to the process

and are unsafe to handle.

[00115] Embodiments of the present invention use titanium and vanadium oxide bearing
ores directly for production of Ti-6Al-4V, and do not rely upon mixture of chlorides of

titanium, vanadium and aluminum as precursor materials, as used in previous methods.

[00116] Embodiments of the present invention can be used to successfully produce Ti-Al-V
alloys directly, without the need for post-process melting/alloying. In general, existing
literature teaches away from using aluminothermic and electrochemical methods to produce
Ti-Al-V alloys directly. Moreover, fundamental thermodynamic and electrochemical theory

teaches away from using these methods.

[00117] Direct reduction of oxides has not been used to produce metal alloys other than
binary alloys such as Ti-Al, V-Al, V-Cr, etc. Due to differences in exothermicity of the

reactions, it is not possible to predict the outcome of the reaction when there is more than
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one oxide component present. For example, consider the following equations and reaction

enthalpies:
[00118] V,05+10/3Al =2V + 53Al,03; AH4,° =-915.6 kJ
[00119] TiO, + 4B3AlI=Ti+ 23 Al,03; AH.° =-218.9 kJ

[00120] Insufficient exothermicity of the TiO,-Al reaction leads to partially reduced TicOy-Al
inclusions in V matrix. Therefore, a second refinement method is necessary to obtain Ti-V-Al
alloy and so far no commercial method has been demonstrated. Electrochemical methods
are not the obvious choice for the refining process since it is not possible to co-oxidize or co-
reduce Ti, V and Al. In order to co-oxidize or co-reduce, the redox potentials of these
elements need to be very close. However, Al and V oxidation — reduction potentials (AlI**/Al =
-1.74V and V**/V = -1.22V) are not close enough to co-oxidize or co-reduce Al and V with Ti
(Ti**/Ti=-1.82V).

[00121] Embodiments of the present invention address these and other issues, and can be
used to successfully produce Ti-Al-V alloys directly, without the need for post-process

melting/alloying.
[00122] Example 1

[00123] In one example of the present invention, a crude titanium-aluminum-vanadium
product was extracted from titanium- and vanadium-bearing ores as follows. Titanium-oxide
and vanadium-oxide ore concentrates were ground in a ball mill to pass through a 200 mesh
standard sieve (< 74 um). A chemical blend was prepared by blending 403.3 g of the
prepared, ground titanium-oxide ore concentrate, 222.0 g of aluminum powder, 44.5 g of
vanadium-oxide ore concentrate and 328.6 g of calcium fluoride in a jar mill for 30 to 45
minutes to achieve a uniform chemical blend. The chemical blend was then charged into a
cylindrical graphite reaction vessel (3.63” d X 5.5” h). The graphite reaction vessel
containing the chemical blend was then placed into a graphite susceptor crucible (4.25” d x
4.75” h) within the five turn copper induction coil of a 10 KHz, 50 KW Ajax-Tocco induction
generator and placed into the containment housing. The containment housing was closed
and purged with argon gas to displace oxygen from the system. The inert gas stream was
then set to a flow rate of 50 standard cubic feet per hour (SCFH) and maintained throughout

the remainder of the extraction operation. The induction generator was then activated to
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heat the chemical blend to ~1725°C at a ramp up rate of 10°C/min and held at that
temperature for about 10 minutes. The induction furnace was rapidly cooled down to
1575 C and then allowed to cool to room temperature. The reaction products were removed

and prepared for analysis. See Table 1 herein for chemical composition.

[00124] In embodiments of the present invention, it is critical to produce an unrefined,
extracted metal having the correct chemistry to feed into the refining portion of the process
to achieve the desired, final alloy composition. Blend ratios, reaction temperatures and
times must be adjusted accordingly. For example, the chemical composition ranges for
crude, extracted metal before refining listed in Table 1, are targeted to produce a Ti64 alloy.
Other Ti-Al-V containing alloys can be produced by adjusting the chemistry and conditions of
the current invention as well.

[00125] In one embodiment of the present invention, the crude titanium-aluminum-
vanadium product extracted in the thermal process may be further refined to achieve a
desired composition of the titanium-aluminum-vanadium alloy. For example, the crude
titanium-aluminum-vanadium product extracted in the thermal process may be further
refined to achieve the composition of Ti-6Al-4V.

[00126] In one embodiment of the present invention, refining of the crude titanium-
aluminum-vanadium product is done via electrochemical refining. For example, in one
embodiment, the crude product obtained through the extraction operation is placed in a
reaction vessel having a cathode and an anode. An electrolyte capable of transporting
titanium, aluminum and vanadium ions is placed in the reaction vessel and heated to subject
the crude titanium-aluminum-vanadium product to an electro-refining process. In one
embodiment of the present invention, the refining operation is done under an inert
atmosphere.

[00127] In one embodiment of the invention, the anode consists of a non-consumable
mesh-container. In another embodiment, the distance between the anode and the cathode
is adjustable during the refining operation. Adjusting the distance between the cathode and
anode prevents the anode-cathode from shorting-out as titanium-aluminum-vanadium alloy
is deposited on the cathode and allows the maintenance of an optimum distance between
the cathode and the anode throughout the refining operation. The electrolyte used during

the refining operation may include halide salts of alkali metals or alkali-earth metals or a
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combination of both to produce a chemical melt in the range of 600°C to 900°C. If the
temperature of the chemical melt is above 900°C, the evaporation rate of the electrolyte
may be too high.

[00128] In one embodiment of the invention, a resistive element furnace or an induction
furnace can be used to heat the electrolyte. In another embodiment, the external heat
source used in thermal extraction operation may be used to heat the electrolyte in refining
operation.

[00129] The refining operation of the invention is environmentally safe and low-cost. It
does not use hazardous chemicals such as chlorides of titanium, vanadium and aluminum or
produce greenhouse gases, such as CO,.

[00130] After the refining operation, the resulting refined titanium-aluminum-vanadium
alloy product can be further processed into a final product. For example, the resulting
refined titanium-aluminum-vanadium alloy can be ground or milled into Ti-Al-V powder.
[00131] According to one embodiment of the present invention, the refining operation
produces a refined titanium-aluminum-vanadium alloy product with a fibrous, wool-like
morphology (see FIG. 2). For example, the titanium-aluminum-vanadium alloy product may
comprise titanium-aluminum-vanadium wool that has deposited on the cathode during the
electro-refining operation. The wool structure of the titanium-aluminum-vanadium alloy
uniquely provides a pathway for near-net shaped parts through hydraulic compression and
subsequent sintering without the aid of a binding agent.

[00132] Due to the small size and delicate nature of the refined titanium-aluminum-
vanadium product, near-net-shaped products can be compressed for further processing. For
example, in one embodiment, the fibrous form of the refined titanium-aluminum-vanadium
alloy product (titanium-aluminum-vanadium alloy wool) can be compressed by using
hydraulic pressure. To accomplish this, the titanium-aluminum-vanadium alloy wool is
placed into a compression mold of desired shape. The mold is then placed into a hydraulic
press where, between 35 to 65 tons/in” is applied. This procedure can produce near-net
shaped titanium-aluminum-vanadium alloy parts that can then be sintered, used as
consumable electrodes in a vacuum arc remelt (VAR) process, melted or further processed
depending on the product application.

[00133] In one embodiment, a refining apparatus may include a reaction vessel, a

cathode, and an anode. The anode may be embodied as a perforated basket/container
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made from quartz or more noble metals than titanium (e.g., nickel or iron) to hold the crude
titanium-aluminum-vanadium product garnered from the extraction operation. The reaction
vessel holds the cathode, the anode, and an electrolyte which are used to subject the crude
titanium-aluminum-vanadium product to an electro-refining process. In another
embodiment, a refining apparatus may include a reaction vessel, a cathode, and an anode.
The anode is a movable perforated basket/container made from nickel, iron or metals more
noble than titanium, aluminum and vanadium to hold the crude titanium-aluminum-
vanadium product garnered from the thermal extraction operation. The reaction vessel
holds the cathode in the bottom, the anode suspended above the cathode, and an
electrolyte which are used to subject the titanium product to an electro-refining process.
Having the ability to adjust the distance between the cathode and the anode prevents the
anode-cathode from shorting-out as titanium-aluminum-vanadium alloy is deposited on the
cathode and thickness of wool grows, allowing the maintenance of an optimum distance
between the cathode and the anode throughout the refining operation. For example, in one
embodiment, the cathode to anode distance is between 2cm and 4cm.

[00134] Inan embodiment, an electrolyte used during the refining operation may include
halide salts of alkali metals or alkali-earth metals or a combination of both to produce a melt
in the range of 600°C to 900°C. A resistive element furnace can be used to heat the
electrolyte. The crude titanium-aluminum-vanadium products from the extraction operation
to be refined are placed into a perforated basket and used as the anode in the electronic
circuit by connecting a lead to the positive (+) side of an electric power supply. In one
embodiment, metal foil can be placed around the inside of the reaction vessel and used as
the cathode by connecting it to the negative (-) side of the electric power supply. In one
embodiment, during operation, the crude titanium-aluminum-vanadium product is oxidized
(ionized) and titanium, aluminum and vanadium ions migrate to the cathode where they are
reduced to form titanium-aluminum-vanadium alloy wool layer to make the refined
titanium-aluminum-vanadium alloy product. In some embodiments, impurities are
concentrated (left behind) in the anode basket or remain in the molten electrolyte.

[00135] Alternatively, in another embodiment, a cathode in the form of a metal plate can
be placed parallel to the bottom of the reaction vessel with the anode basket suspended
above the plate. In this configuration, the optimum distance between the cathode plate and

the anode basket can be maintained by moving the anode basket vertically throughout the
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refining operation. The cathode is connected to the negative (-) side of the power supply by
the lead and the anode is connected to the positive (+) side of the power supply. In one
embodiment, the cathode to anode distance is between 2cm and 4cm. While the described
embodiments of the electro-refining cell, the present invention is not limited thereto, and
other configurations for the electro-purification cell are possible.

[00136] Example 2

[00137] A crude titanium-aluminum-vanadium product obtained through a thermal
extraction operation was refined through a refining operation as follows: 234g of extracted
Ti-Al-V product was placed inside a side perforated 500ml nickel anode basket. The
composition of the extracted product was 71% Ti, 16% Al, 8% V and 5% O. The anode basket
with extracted Ti-Al-V product pieces was then suspended above the cathode in the center
of the reaction vessel made from quartz (volume — 8000ml) filled with 7500g of an alkali
halide salt blend of sodium chloride (NaCl) and Potassium Chloride (KCl) at a 44:56 NaCl:KCl
weight percent ratio. A circular cathode was placed parallel to the bottom of reaction vessel,
underneath the anode basket. The distance between cathode and anode basket was 3.0cm.
The cathode was made from molybdenum. The mixture of alkali halide salts was blended to
produce a molten salt electrolyte at a temperature of approximately 650°C. The refining
apparatus was placed into the containment housing and the electrodes were connected to
the power supply. The containment housing was purged with argon gas and heated to about
850°C.

[00138] Electro-refining was carried out by using an applied DC current of 6.0 amps at a
temperature of 750°C while maintaining a potential difference of 0.8 -1.3 volts. In some
embodiments, the refining process is carried out at a temperature 100°C higher than the
melting point of the salt blend to ensure a complete melt and to avoid changes in the
melting point due to salt loss from evaporation. In other embodiments, the potential
differential is between 0.5 and 2.5 volts or between 1.0 and 1.8 volts. After 40 hours, the
refining vessel was cooled to room temperature. The average cathode current density
calculated was 0.03 A/cm’. In other embodiments, the current density is between 0.01
A/cm? and 1.0 A/cm? or between 0.02 A/cm? and 0.05A/cm?. The frozen electrolyte salt was
removed from the refined titanium product by washing with deionized water. Example 2
produced 103.0g of refined titanium-aluminum-vanadium alloy (titanium-aluminum-

vanadium wool). The final product was then dried and prepared for analysis and further
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processing.

[00139] Table 1 summarizes the composition results of various titanium-aluminum-
vanadium alloy products obtained from extraction operation before and after the refining
operation. As illustrated in Table 1 herein, elemental composition of titanium, aluminum
and vanadium is altered during the refining operation of thermally extracted crude titanium-
aluminum-vanadium products obtained from mixture of titanium-bearing ore concentrates
having TiO, and vanadium bearing ore concentrate having V,0s. The yield of the wool after

refining operation was between 65.0%-85.0%.

[00140]
Table 1
Element Composition of titanium-aluminum-vanadium product (wt %)
Before refining operation (crude) | After refining operation (refined)
Ti 66.0-76.0 85.0-92.0
Al 11.0-21.0 5.0-10.0
\Y% 6.0-10.0 3.0-5.0
0] 3.0-7.0 0.2-0.6

[00141] Data from Table 1 indicates that, in some embodiments, titanium products
obtained from the refining operation can be used as the base metal for producing Ti-6Al-4V
powder or ingots. It is essential that the crude, extracted titanium-aluminum-vanadium
product contains a significant amount of oxygen (for example; at least 3.0% by weight) in
order to obtain a refined Ti-Al-V wool with at least 3.0% vanadium by weight. Lack of a
significant amount of oxygen in the crude Ti-Al-V product will eliminate vanadium during the
refining process. This is demonstrated in example 3.

[00142] Example 3

[00143] 225.0g of commercial Ti-6Al-4V pieces (analysis; 6.0% Al, 4.0% V, 0.2% O and the
rest was Ti by weight) were refined according to the experimental conditions described in
example 2. After 40.0hrs of electrolysis at 6.0A, 142.0g of wool collected for analysis.
Analysis showed the composition was 3.2% Al, 1.0% V, 0.38% O and 95.3 % Ti.

[00144] While specific embodiments of the invention have been described in detail, it will
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be appreciated by those skilled in the art that various modifications and alternatives to those
details could be developed in light of the overall teachings of the disclosure. Accordingly, the
particular arrangements disclosed are meant to be illustrative only and not limiting as to the
scope of the invention which is to be given the full breadth of the appended claims and any

and all equivalents thereof.
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CLAIMS

1. A method, comprising:
(a) heating a chemical blend, wherein the chemical blend includes:
a mixture of a titanium-bearing ore and a vanadium-bearing ore;
an Al reducing agent, configured to reduce the titanium and vanadium
bearing ore mixture to a crude titanium-aluminum-vanadium alloy product; and
a viscosity agent;

(b) initiating an extraction reaction in the chemical blend to form: (1) a crude
titanium-aluminum-vanadium alloy product wherein the extracted product
includes at least 3.0 wt% oxygen, and (2) a residual slag; and

(c) separating the residual slag from the crude titanium-aluminum-vanadium alloy
product, wherein via the chemical blend ratio, the viscosity agent adjusts the slag
viscosity to allow for efficient separation of the crude
titanium-aluminum-vanadium alloy product from the residual slag into two layers
during the reaction;

(d) configuring the crude titanium-aluminum-vanadium alloy product from the
extraction reaction as an anode in an electrolytic cell, wherein the electrolytic
cell is configured with an electrolyte;

(e) heating the electrolyte to a temperature between 600°C and 900°C to provide a

molten electrolyte, wherein the molten electrolyte is retained in a reaction vessel

and is in contact with the anode and a cathode;

i. directing a current from the anode, through the molten electrolyte bath
to the cathode;

ii. depositing a refined titanium-aluminum-vanadium alloy product on the
cathode; and

iii. recovering the refined titanium-aluminum-vanadium alloy product from
the reaction vessel, wherein the refined titanium-aluminum-vanadium
alloy product includes at least 85 wt. % titanium and 5.0 wt. % aluminum

and 3.0 wt. % vanadium.
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2. The method of claim 1, further comprising initiating, sustaining and controlling the

extraction reaction in the chemical blend.

3. The method of claim 1, wherein the chemical blend includes a ratio of the titanium and
vanadium bearing ore mixture to the reducing agent that corresponds to a weight ratio of
titanium oxide and vanadium oxide components in the ore mixture to reducing metal in the

reducing agent of 1.7 to 2.3.

4. The method of claim 1, wherein the heating step further includes: heating the chemical

blend at a ramp up rate between 1°C to 125°C/min.

5. The method of claim 1, wherein the heating step further includes: heating the chemical

blend to a temperature between 1500-1800°C.

6. The method of claim 5, wherein the heating step further includes: externally heating the
chemical blend to maintain the chemical blend at a reaction temperature between 1600-

1800°C for a time period between 5 and 30 minutes.

7. The method of claim 1, wherein the thermal extraction process further includes, after the
reacting step, cooling the crude titanium-aluminum-vanadium product and residual slag to a

temperature between 1500°C and 1600°C.

8. The method of claim 1, wherein the titanium-bearing ore includes titanium oxide, the
vanadium-bearing ore includes vanadium oxide, the reducing agent includes aluminum, and
the viscosity agent includes calcium fluoride,

further wherein the ratio of titanium-bearing ore to vanadium-bearing ore to

reducing agent to viscosity agent corresponds to the following equation:
3(TiO; + xV;,0s) + (4 +y)Al + zCaF, -> 3TiyAl6xV + 4Al,03 + zCaF,,

Where: 0.04 <x<0.08and 0.3<y<1.2and 2.0<z<3.0.
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9. The method of claim 8, wherein the viscosity agent is CaF,, the titanium-bearing ore
includes titanium oxide (TiO;) and the vanadium bearing ore includes vanadium oxide
(V,0s), and wherein the ratio of the titanium oxide and vanadium oxide components in the
ore mixture to the reducing agent to viscosity agent corresponds to a ratio of:
3 moles of the titanium oxide and 0.12 to 0.24 moles of the vanadium oxide
components in the ore mixture, from 0.6 to 0.7 of the Al reducing agent, and

from 1.0 to 1.6 of the CaF, viscosity agent.

10. The method of claim 8, wherein 0.05<x<0.07and 0.4 <y < 1.1.

11. The method of claim 8, wherein x=0.06 and y = 1.0.

12. The method of claim 1, wherein the titanium-vanadium bearing ore mixture includes
titanium oxide (TiO,) and vanadium oxide (V,0s), wherein the weight ratio of the titanium
oxide to the vanadium oxide component in the ore mixture corresponds to a ratio of 5.5 to

11.

13. The method of claim 1, further comprising a viscosity agent, wherein the viscosity agent
includes calcium fluoride (CaF;), wherein the ratio of the titanium and vanadium bearing ore
mixture to the viscosity agent CaF, that corresponds to a weight ratio of titanium oxide and

vanadium oxide components in the ore mixture to viscosity agent CaF, of 1.1 to 1.8.
14. The method of claim 1, wherein the thermally extracted titanium-aluminum-vanadium-
oxygen alloy product includes at least 66.0 % titanium, 11.0 % aluminum, 6.0% vanadium

and 3.0 % oxygen by weight.

15. The method of claim 1, wherein the thermally extracted crude titanium-aluminum-

vanadium product yield is between 85.0%-95.0%

16. The method of claim 1, wherein the refined titanium-aluminum-vanadium metal alloy

product is fibrous.
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17. The method of claim 1, wherein the refined titanium-aluminum-vanadium metal alloy

product has a wool-like morphology.

18. The method of claim 1, further comprising compacting a refined titanium-aluminum-
vanadium metal alloy product into a near net shaped green compact without a binding

agent.

19. The method of claim 1, wherein the refined titanium product includes titanium-

aluminum-vanadium metal alloy wool.

20. The method of claim 1, wherein the refined titanium-aluminum-vanadium alloy product

includes at least 88.0 % titanium, 5.0 % aluminum, and 3.0 wt.% vanadium by weight.

21. The method of claim 1, further comprising grinding and/or spheroidizing a refined

titanium-aluminum-vanadium metal alloy product into a powder.

22. The method of claim 1, wherein the metal alloy powder includes at least 90 wt. %

titanium and 5.5 wt % aluminum and 3.5 wt % vanadium.

23. The method of claim 1, wherein the titanium-vanadium bearing ore mixture has a

particle size between 50 microns and 200 microns.

24. The method of claim 1, wherein the titanium-vanadium bearing ore mixture has a

particle size less than 80 microns.

25. The method of claim 1, wherein a vanadium-bearing ore may or may not be excluded
from the chemical blend and appropriate quantities of aluminum, iron, chromium, copper,
manganese, silicon, zirconium, molybdenum, silver, vanadium, nickel, cobalt, tin, rare-earth

or other ores are used to produce alloys of desired composition.

26. The method of claim 1, wherein the electrical differential is between 0.5 volts and 2.5

volts.
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27. The method of claim 1, wherein the current density is between 0.01A/cm?and 1.0

AJcm?.

28. The method of claim 1, wherein the heating step further includes: heating the chemical

blend at a ramp up rate between 1°C to 10 °C/min.

29. The method of claim 1, further wherein the electrolyte consists essentially of:
halide salts of alkali metals;
halide salts of alkali earth metals; or

a combination of halide salts of alkali metals and halide salts of alkali earth metals.

30. A method, comprising:
(a) heating a chemical blend to a temperature of between 1500°C— 1800°C wherein
the chemical blend includes:
a mixture of titanium-bearing ore comprising titanium oxide (TiO,) and
vanadium bearing ore comprising vanadium oxide (V,0s);
an Al reducing agent, configured to reduce the titanium and vanadium
bearing ore mixture to a crude titanium-aluminum-vanadium product; and
a CaF, viscosity agent;
wherein, the ratio of the titanium oxide and vanadium oxide components in
the ore mixture to the reducing agent to viscosity agent corresponds to the
following equation:
3(TiO; + xV,0s) + (4 +y)Al + zCaF, -> 3TiyAl6xV + 4Al,05 + zCaF,,
where: 0.04 <x<0.08and0.3<y<1.2and 2.0<z<3.0,
and corresponds to a ratio of:
3 moles of the titanium oxide and 0.12 to 0.24 moles of the vanadium
oxide components in the ore mixture, from 0.6 to 0.7 of the Al
reducing agent, and from 1.0 to 1.6 of the CaF; viscosity agent:
(b) Initiating an extraction reaction in the chemical blend to form: (a) a crude titanium-

aluminum-vanadium product wherein the extracted product includes at least 66.0
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wt. % titanium, 11.0 wt.% aluminum, 6.0 wt% vanadium and 3.0 wt% oxygen, and (b)
a residual slag; and

(c) separating the residual slag from the crude titanium-aluminum-vanadium product,
wherein via the chemical blend ratio, the CaF; viscosity agent adjusts the slag
viscosity to allow for efficient separation of the titanium product from the residual

slag into two layers during the reaction;

(d) configuring the titanium product from the extraction reaction as an anode in an
electrolytic cell, wherein the electrolytic cell is configured with an electrolyte
(e) heating the electrolyte consisting of: halide salts of alkali metals, halide salts of
alkali earth metals, and combinations thereof, to a temperature between 600°C and 900°C
to provide a molten electrolyte, wherein the molten electrolyte is retained in a reaction
vessel and is in contact with the anode and a cathode;
i. directing a current from the anode, through the molten electrolyte bath to
the cathode,
ii. depositing a refined titanium-aluminum-vanadium alloy on the cathode, and
iii. recovering the refined titanium-aluminum-vanadium alloy product from the
reaction vessel, wherein the refined titanium-aluminum-vanadium alloy
includes at least 85.0 wt. % titanium, 5.0 wt% aluminum and 3.0 wt%

vanadium.

31. The method of claim 30, wherein the method further comprises initiating, sustaining

and controlling the extraction reaction in the chemical blend.

32. The method of claim 30, wherein the chemical blend includes; a ratio of the titanium
and vanadium bearing ore mixture to the reducing agent that corresponds to a weight ratio
of titanium oxide and vanadium oxide components in the ore mixture to reducing metal in

the reducing agent of 1.8 to 2.2.

33. The method of claim 30, wherein the chemical blend includes; a ratio of the titanium

and vanadium bearing ore mixture to the reducing agent that corresponds to a weight ratio
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of titanium oxide and vanadium oxide components in the ore mixture to reducing metal in

the reducing agent of 1.9 to 2.1.

34. The method of claim 30, wherein the heating step further includes: heating the chemical

blend at a ramp up rate between 1°C to 25°C/minute.

35. The method of claim 30, wherein the heating step further includes: heating the chemical

blend at a ramp up rate between 26°C to 50°C/minute.

36. The method of claim 30, wherein the heating step further includes: heating the chemical

blend at a ramp up rate between 51°C to 100°C/minute.

37. The method of claim 30, wherein the heating step further includes: heating the chemical

blend at a ramp up rate between 101°C to 125°C/minute.

38. The method of claim 30, wherein the heating step further includes: externally heating
the chemical blend to maintain the chemical blend at a reaction temperature between

1600-1800°C for a time period between 10 and 20 minutes.

39. The method of claim 30, wherein the heating step further includes: externally heating
the chemical blend to maintain the chemical blend at a reaction temperature between

1600-1800°C for a time period between 21 and 30 minutes.

40. The method of claim 30, wherein the thermal extraction process further includes, after
the reacting step, cooling the crude titanium-aluminum-vanadium product and residual slag

to a temperature between 1500°C and 1600°C.

41. The method of claim 30, wherein the titanium-vanadium bearing ore mixture includes
titanium oxide (TiO;) and vanadium oxide (V,0Os), wherein the weight ratio of the titanium
oxide to the vanadium oxide component in the ore mixture corresponds to a ratio of 6.0 to

9.0.
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42. The method of claim 30, further comprising a viscosity agent, wherein the viscosity
agent includes calcium fluoride (CaF,), wherein the ratio of the titanium and vanadium
bearing ore mixture to the viscosity agent CaF, that corresponds to a weight ratio of
titanium oxide and vanadium oxide components in the ore mixture to viscosity agent CaF, of

1.2to1.6.

43. The method of claim 30, wherein the thermally extracted crude titanium-aluminum-
vanadium product includes: between 66-76 % titanium, 11-21 % aluminum, 6-10 %

vanadium and 3-7 % oxygen.

44. The method of claim 30, wherein the thermally extracted crude titanium-aluminum-

vanadium product yield is between 85.0%-95.0%

45. The method of claim 30, wherein the refined titanium-aluminum-vanadium metal alloy

product is fibrous.

46. The method of claim 30, wherein the refined titanium-aluminum-vanadium metal alloy

product has a wool-like morphology.
47. The method of claim 30, further comprising compacting a refined titanium-aluminum-
vanadium metal alloy product into a near net shaped green compact without a binding

agent.

48. The method of claim 30, wherein the refined titanium product includes titanium-

aluminum-vanadium metal alloy wool.

49. The method of claim 30, wherein the refined titanium-aluminum-vanadium alloy

product includes 88-92 wt. % titanium, 5.0-7.0 wt. % aluminum, 3-5 wt.% vanadium.

50. The method of claim 30, further comprising grinding a refined titanium-aluminum-

vanadium metal alloy product into a powder.
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51. The method of claim 30, further comprising grinding and/or spheroidizing a refined

titanium-aluminum-vanadium metal alloy product into a powder.

52. The method of claim 30, wherein the metal alloy powder includes at least 88.0 wt. %

titanium and 5.0 wt % aluminum and 3.0 wt % vanadium.

53. The method of claim 30, wherein the titanium-vanadium bearing ore mixture has a

particle size between 81 microns and 100 microns.

54. The method of claim 30, wherein the titanium-vanadium bearing ore mixture has a

particle size between 101 microns and 200 microns.

55. The method of claim 30, wherein the titanium-vanadium bearing ore mixture has a

particle size less than 80 microns.

56. The method of claim 30, wherein a vanadium-bearing ore may or may not be excluded
from the chemical blend and appropriate quantities of aluminum, iron, chromium, copper,
manganese, silicon, zirconium, molybdenum, silver, vanadium, nickel, cobalt, tin, rare-earth

or other ores are used to produce alloys of desired composition.

57. The method of claim 30, wherein the titanium-vanadium bearing ore mixture includes

between 75- 95% by weight oxide components.

58. The method of claim 30, wherein the titanium-vanadium bearing ore mixture includes

between 95- 99% by weight oxide components.

59. The method of claim 30, wherein the electrical differential is between 0.7 volts and

1.4volts.

60. The method of claim 30, wherein the electrical differential is between 1.5 volts and 2.0

volts.
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61. The method of claim 30, wherein the electrical differential is between 2.1 volts and 3.0

volts.

62. The method of claim 30, wherein the current density is between 0.01A/cm? and 0.06

AJcm?.

63. The method of claim 30, wherein the current density is between 0.07A/cm?and 1.0

AJcm?.

64. A method, comprising:
(a) applying a thermal extraction process to a blend of titanium-bearing ore and
vanadium-bearing ore, wherein the thermal extraction process includes:

heating a chemical blend to initiate an extraction reaction, wherein the chemical

blend includes: a titanium-bearing ore, a vanadium bearing ore, and a reducing agent;
reacting the chemical blend to form: (1) a titanium-aluminum-vanadium

product, and (2) a residual slag, wherein via the viscosity agent, the

titanium-aluminum-vanadium product is separated from the residual slag into two layers;

(b) refining the titanium-aluminum-vanadium product obtained from the thermal

extraction process in an electrochemical separation process, wherein the electrochemical

separation process includes:

i heating an electrolyte consisting essentially of: halide salts of alkali metals,
halide salts of alkali earth metals, or combinations thereof, to a temperature
between 600°C and 900°C to provide a molten electrolyte, wherein the
electrolyte is retained in a reaction vessel;

ii. applying an electrical differential between an anode and a cathode to deposit
titanium on the cathode, wherein the anode and cathode are configured in
the reaction vessel in contact with the electrolyte; and

iii. recovering a refined titanium-aluminum-vanadium product from the reaction
vessel, wherein the refined titanium-aluminum-vanadium product includes at
least 85 wt. % titanium and 5 wt % aluminum and 3 wt % vanadium, further
wherein the refined titanium product is configured via (a) and (b) as a fibrous,

wool-like morphology; and
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(c) compressing the refined titanium product in a mold to form a near-net shaped

titanium part.
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FIG. 1

Comparison of production steps in commercial Ti-Al-V alloys and in

embodiment of present invention.
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FIG. 2

Scanning Electron Microscope (SEM) image of refined Ti-Al-V alloy wool in
embodiment of present invention.
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