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ABSTRACT

The Kroll process that produces
titanium is a multistage sporadic complex
heterogeneous slow-speed, uncontrolled,
labor intensive, high energy and cost
intensive batch process that has defied well
over a half century of investigations to
simplify into a continuous process. Even
with modern engineering current
productivity is barely over 1 ton/day per
reactor that produces an iron contaminated
lumpy sponge product that is formed at the
reactor wall interface which limits the
capability for continuous operation. Serious
environmental issues are prevalent in spite
of controlled circulation of Mg, Cl,, MgCl,
and electrolysis of the MgCl. An
innovative approach has been demonstrated
to metallothermically produce titanium
continuously in a powder morphology in a
single reactor that in-situ produces the
reductant metal and TiCly without
environmental issues. The feed to the
reactor is a carbothermically refined
Ti0O,/ore that provides the source for the in-
situ formed TiCly. The metal reductant can
be magnesium or other alkali earth or alkali
metals. The concurrent addition of other
metal chlorides produces titanium alloy
powders. The powders can be used for
powder metallurgy processing for meltless
manufacturing, as well as rapid
manufacturing technology to produce
components.
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INTRODUCTION/BACKGROUND

It has been over 100 years since
Hupperty!! reported the deposition of
titanium by fused salt electrolysis and over
70 years since Kroll¥ reported the
magnesium reduction of TiCly to produce
titanium. The Kroll process is a series of
batch steps by which the entire world’s
production of titanium is produced involving
three major steps’:

1. The production of titanium tetrachloride
(TiCly) by carbochlorination of the
titanium feed (ore/Ti0;) using chlorine
(Cl) gas and carbon (C) at
approximately 1000°C, with
subsequent purification of the TiCly

2. Magnesiothermic  reduction of the
purified TiCly (a highly exothermic
reaction AH 1000K = -433KJ) and,
subsequent separation of the by-
product MgCl, from the titanium
sponge

3. Electrolysis of the molten salt,
magnesium chloride (MgCl,), obtained
in the reduction process to regenerate
the Mg reductant and the Cl, gas*’.

A technical drawback in the titanium
industry is the low productivity of the Kroll
production process due to its slow-
speed/batch type processing that involves
sporadic complex heterogeneous reactions
that involve high energy which processing is
quite labor intensive resulting in high cost*.
Many variations of the magnesiothermic
reduction have been attempted as reported in
the literature®'”. A number of intensive



research efforts and process developments
have been undertaken to overcome some of
the crucial issues in the Kroll process!''™'”)
that have included decreasing the energy
consumption of the overall process and
reducing cost™). In spite of the many studies
reported on the Kroll process, there is no
consensus on the mechanism of sponge
formation and the reaction model!'***!,

The Kroll process is unsuitable for the
development of a continuous reduction
process because titanium deposits generated
in the reduction process firmly adhere to the
inner wall of the steel reaction container*"!
as a porous aggregate known as “sponge”.
There have been no complete answers as to
why titanium grows from the reactor walls
and why the lumps stick/semi-sinter together
that produces the sponge™. Due to the
reaction on the vessel walls, iron
contamination is  unavoidable.  An

illustration of the Kroll reaction process is
shown in Figure 1
TiCl, TiCl, TiCl,

[26]

\

X
Mg Ti + MgCl, + Mg MgCl,

Figure 1: Schematic illustrations for the
titanium growth in the Kroll process .

Due to the batch complex heterogeneous
exothermic reactions occurring in the gas,
liquid and solid phases, improvements in
productivity speed, cost, and energy and
environmental reduction appears difficult
and unlikely®”. However, chloride based
processing has an essential advantage since
it can produce high quality titanium by using
an oxygen-free system™ **.  Titanium
tetrachloride (TiCly) is an indispensable
intermediate compound for the

metallothermic  reduction of titanium
production and is the established common
base to all titanium production throughout
the world.

Although the entire world’s titanium
production is sponge from the Kroll process,
there is a strong demand for Ti powder in a
specific particle size range for powder
metallurgy processing. Processes to produce
titanium powder require a Ti-ingot or
compact®™.  Since in the Kroll process of
TiCly fed to the top surface of the molten
Mg, its product is sintered sponge as
contrasted Ti powder. To exclude the extra
cost for ingot making to directly produce
titanium powder, investigations have been
made to modify the Kroll process to yield
powder instead of sponge!*®. One
alternative process has been the floating of
Mg on top of MgCl, and bubbling in the
TiCly below the surface of the Mg layer
instead of above the molten Mg layer as
traditional. = This  process  produced
spheroidal morphology Ti particles under
10p in diameter®’ which is too small for
powder metallurgy and are subject to high
oxygen pick-up (even pyrophoric) when
exposed to water washing or to the air after
vacuum evaporation of the MgCl,. There
have been a wvariety of approaches
investigated utilizing fused salt medium to
mix the TiCl; and metal reductant that
produces a very small Ti powder!?* 2% 29391,
Very small and even pyrophoric titanium
particles are the result of virtually all burner
type reaction schemes where the metal
reductant and TiCly are mixed. To directly
produce titanium particles in a user friendly
size i.e. 25 —40p at the low end size upto
250p on the high end size; reaction
architecture that differs from the standard
Kroll process of reaction at the reactor wall
or burner type reactors that occurs in space
is enabling. It is necessary to create a
reaction architecture where there is ample
supply of TiCl,; and metal reductant to grow



Ti particles in the desired size range. There
are several reaction architectures that utilize
metallothermic  processing which can
produce not only the desired titanium
particle size, but produce spheroidal particle
morphology. It is also possible to add
alloying chlorides with the TiCly to directly
produce alloy particles. For example, add
vanadium chloride and aluminum chloride
to produce Ti-6Al-4V particles. As stated
above, this eliminates the necessity to melt
CP Ti, alloy and produce an ingot before
then reducing to an alloy powder.

APPROACHES TO PRODUCE
TITANIUM POWDER CONTINUOUSLY
The first and basic step to the
continuous production of titanium powder is
the prevention of nucleation on a reactor
wall surface such as in the standard batch
Kroll retort. It is also a necessity to
overcome the restrictions in a burner type
mixing of the metal reductant and TiCly that
results in very small pyrophoric Ti powders.
The reactor architecture must provide the
metal reductant and TiCls in a mixing
arrangement that provides nucleation, time,
and reactants concentrations to build-up
particles >>25u. The produced Ti particles
and by-product metal reductant chloride
must be removed from the reactor on a
continuous basis, or at least intermediately
that permits the reduction reaction
producing the Ti particulate to be performed
continuously. These reaction conditions are
met if the metal reductant is continuously
generated in a spacial state in a continuous
supply of TiCly which has been confirmed
experimentally[40’41]. The experimental
techniques can include an electrolytic
arrangement, a shower head arrangement,
fountain spray arrangement and a spinning
vortex arrangement to produce or deliver the
metal reductant in a spacial state that
produces a spherical droplet. The delivery
of the metal reductant spherical droplets into
an atmosphere high in TiCls gas (that may

also contain alloy metal chloride gases) with
sufficient time to react in the spacial volume
without contacting a surface results in
producing spheroidal Ti or alloy particles in
a size related to the original reductant metal
droplet size. Reactor systems can be
designed to continuously deliver the
reductant metal in the spacial volume
containing a continuous supply of TiCly, and
as may be appropriate alloying metal
chlorides, for the continuous production of
titanium or alloy spheroidal particulate with
the produced titanium and metal reductant
chloride removed from the reactor that
allows continuous operation. The continuous
operation of producing alloy powder directly
provides a basis to produce titanium much
more cost effectively than the standard batch
Kroll process even though the same chloride
chemistry is being used.

SYSTEMS TO CONTINUOUSLY
PRODUCE TITANIUM POWDER

An electrolytic system such as shown in
Figure 2 can be used to practice the concept
outlined above. In this illustration,
magnesium is electrodeposited on a porous
cathode that also feeds TiCla. The
electrodepositing Mg forms droplets as it is
deposited and becomes into contact with the
TiCly that performs the classic reaction to
produce titanium particulate and MgCl, for a
cyclic regeneration. The Ti particulate
settles to the cell bottom and is harvested
with subsequent vacuum evaporation to
produce clean titanium analogous to
standard Kroll sponge processing.
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Figure 2: Schematic of Electrolytic Cell to
Continuously Produce Ti/Alloy Particulate

In the electrolysis process that produces
Mg, it is possible that competing electrolytic
reactions reduces the TiCls to TiCl, or the
already produced Ti particles can reduce
TiCls which is not a problem as the Mg then
reacts with TiCl, to produce Ti and MgCl.

In the processing arrangement shown in
Figure 2 there is no separate handling of
chlorine or magnesium, the reaction and the
reaction components all are performed in-
situ within the cell which is a significant
environmental benefit. The cell is fed
T1:0:C which is produced by carbothermic
reduction of ore/TiO, and the titanium
particulate is extracted. The particle size is
controlled  through  the  electrolysis
parameters that produces Mg droplets and
the availability of TiCly feed. An example
of Ti particulate is shown in Figure 3.

20 kv % SOX (T 1 ¢ 0 gt

Figure 3: Ti powder produced by in-situ
metallothermic reduction consisting of
electrolytically produced Mg reducing TiCl,.

Reducing metals other than magnesium
such as calcium, sodium, potassium and
lithium can be utilized.

An alternative system that separates the
electrolytic cell that produces the reducing
metal and the reduction reaction is
illustrated in Figure 4. As shown, an alloy
powder is produced, but pure titanium can
also be produced. This process however
results in producing particulate on the
smaller size as shown in Figure 5.

 —
Ti:O:C + 2C + 2Cl, 3’33—;C>Ti(|:|4 +2CO

electrolysis
[ \j@ cl
2
CalCaCl, 2 g
TiCly
raw
material
|
Ca/CaCl, CaCl, /* L.
porous
alloy metal separator
chlorides, —— ——
MClI,
Tialloy Call, ————
powder

to separation
and vacuum
evaporation
Figure 4: Conceptual Diagram for
Continuously Producing Titanium Alloy

Powder



Ti Cl, recycle

Figure 5: Titanium-Iron alloy particulate
produced in a system as illustrated in
Figure 4.

Another  alternative  system  that
separates the electrolytic cell from the
reduction step that does not take place in a
fused salt medium is illustrated in Figure 6.

*
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to vacuum evaporation
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Figure 6: Illustration of a continuous system to
produce spheroidal Ti particles
from the reaction of Mg droplets and TiCl,
vapor.

The reducing metal droplets are formed by
passing the molten metal through a shower
type head with very small droplets that fall
into a vapor of TiCls. The reaction chamber
has sufficient length that the reducing metal
droplets and TiCly; react to produce
spheroidal particle whose size is related to
the reducing metal droplet size. Reaction
chamber lengths are several feet to assure

Ti particles with MgCl, film

the reducing metal is completely reacted
with TiCly by the time it reaches the reactor
bottom. Typical lengths depending on the
droplet size is under approximately 8 feet.
The reducing metal can be any of the
alkaline earths or alkalis which Mg is
illustrated in Figure 6. It is clear that if
alloying element chlorides are added with
the TiCly, an alloy particle will be produced.

Another reaction architecture that
prevents nucleation on a wall or other
surface and utilizes the basic chloride
chemistry concept is illustrated in Figure
721 Although this is a stirred fused salt
reactor, the particulate that can be produced
is much larger than has typically been
repo[gté:(]ad from fused salt medium of under
1op=™.
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Figure 7: lllustration of a continuous
system that eliminates wall nucleation
to produce Ti particles instead of
spongel*?.

In this case, the TiCly and any alloying
element chlorides provide a continuous
supply of the reactant to a continuous supply
of the reducing metal which provides
sufficient time for larger particles to form
before becoming sufficiently large that the



particles settles through the reducing metal
reservoir to the bottom of the reactor for
harvesting the Ti particulate and reducing
metal chloride. There are a variety of ways
to stir or circulate the molten salt to create
the vortex that isolates the reducing metal
from a side wall which would initiate a
nucleation reaction. Stirring through the
bottom or at an angle through a sidewall are
among the simplest methods. It is readily
seen that through the continuous feeding of
reducing metal and extraction of the
produced titanium particulate and the
reducing metal chloride, the production of
titanium or alloy particulate is continuous.

RAPID MANUFACTURING UTILIZING
LOW COST POWDER TO PRODUCE
LOW COST PRODUCTS

The titanium powders shown in Figures
3, 5 and the powders that can be produced in
the systems shown in Figures 6 and 7 can be
utilized in a plasma transferred arc (PTA)
rapid manufacturing process shown in
Figure 8a and 8b to produce low cost
titanium components such as shown in
Figure 9.

near-net shape
deposited part
I or ammor plate

(2)

(b)

Figure 8: (a) Schematic of plasma
transferred arc (PTA) rapid additive
manufacturing process and (b) the
operational MER unit.

Figure 9: Example Titanium

Components Produced by the

Rapid Manufacturing Plasma
Transferred Arc System

It is well known fabrication cost is
approximately 50% of the cost of a product
as shown in Figure 101* and well may be
more where buy to fly ratios of 50:1 are not



uncommon. The marrying the low cost
powders with low cost PTA rapid
manufacturing can produce really low cost
products.
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Figure 10: Relative Cost for Producing
Titanium Productst
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Of the additive rapid manufacturing
processes such as laser or e-beam, the PTA
is significantly more economical from all
aspects of capital cost, operating cost and
rate of production. The PTA system can use
a wire or powder feed separately or
concurrently. The operating cost of a PTA
rapid manufacturing process can be (only a
few dollars per pound) and with the low cost
powder has the potential to meet the Army
(cost) goal to produce armor plate. As
shown in Figure 11, several of the pieces are
armor, and in one case consist of TiB,/Ti
armor that provides a 30% weight savings
over Ti64 armor plate to provide protection
at the same threat level. The PTA system is
capable of using Kroll fines as a feed as well
as shredded scrap to produce low cost
products.

CONCLUSION

The demonstration of generating a
reducing metal in a spacial volume free of
solid interfaces provides the capability to
reduce TiCly without or with alloying
element  chlorides to titanium/alloy
particulate that can be spheroidal in
morphology in a particle size for direct
utilization in standard powder metallurgy
processing. The removal of the produced

| Fabrication to 1" plate |

titanium/alloy particulate and the reducing
metal chloride intermediately or
continuously, results in the ability to
produce titanium/alloy on a continuous basis
that overcomes the stigma of the batch labor
intensive standard Kroll process. The
continuous  processing  provides  the
opportunity to produce titanium particulate
at a cost savings over the standard batch
Kroll process. The direct production of
alloy powder in a size directly useable in
powder metallurgy processing provides the
opportunity to produce such alloy powder at
substantial savings over the standard process
of melting sponge, alloying, producing an
ingot and then reducing to alloy powder.

The CP produced powder can be utilized
in a PTA rapid manufacturing process with
co-fed Al-V powder to produce Ti64 net to
near net shape components at a very low
cost compared to the traditional
manufacturing route. Similarly, alloy
powder or shredded scrap can be utilized in
the PTA to produce very low cost
components.

REFERENCES

1. E. Hupperty, Electrochem. Met. Ind. 3 (1905)
35

2. W. Kroll, Tr. Electrochem. Soc. 78 (1940) 35-
47

3. H. Zheng, H. Ito and T. Okake, Materials
Transactions, Vol 48, No 8 (2007) pp. 2244 to
2251

4. 0. Tokeda and T. Okabe, J. of Alloys and
Compounds 456 (2008) 376 — 383

5. CH. R. V.S. Nagesh, CH. S. Rao, N.B. Ballad
and P.K. Rao, Metallurgical and Materials
Transactions B, Vol 35B, Feb 2004 — 65

6. H. Kametani and Y. Kurihara, Titanium 95
Science and Technology, P.A. Blenkinsop,
W.J. Evans, and H.M. Flower, eds., The
Institute of Materials, London, 1996, Vol 3,
pp 2602-09

7.  G.R.B. Elliot, JOM, 1998, Vol 50 (9), pp 48-
49

8. H.Y. Sohn, JOM, 1998 Vol 50 (9), pp 5051

9. T.N. Deura and K. Ono, Metall. Mater. Trans.
B, 1999, Vol 30B, pp 403-10



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

R.O. Suzuki, T.N. Harada, T. Matsunaga, T.N.
Deura, and K. Ono, Metall. Mater. Trans. B,
1999, Vol 30B, pp 403-10

A. Fuwa and S. Takoya, JOM, Oct 2005, pp
56-60

D. Moroish, J. Mater. Sci. Soc. Japan, 49
(2000), pp 1133-1142

T. Takenaka et al., J. Electrochem. Soc. Japan,
67 (1999), pp 661-668

K. Ono and R. Suzuki, JOM, 54 (2) (2002), pp
59-61

T.H. Okabe and D.R. Sadoway, J. Mater. Res.,
12 (1998), pp 3327-3377

H.R. Larson and T.W. Eager, JOM, 50 (9)
(1998), pp 56-57

E.H. Kraft, Cost-Affordable Titanium, ed. F.H.
Froes, M.A. Imam, and D. Fray (Warrendale,
PA: TMS 2004), pp 27-34

F.S. Wartman, D.H. Baker, J.R. Nettle, and
V.F. Homme, J. Electrochem. Soc., 1954, Vol
101, pp 507-13

AN. Petrunko, N.V. Galitsky, N.A.
Pampooshko, S.I. Denisov, and A.E. Andeev,
Titanium and Titanium Alloys—Scientific
and Technological Aspects, J.C. Williams and
A.E. Belov, eds., Plenum Press, New York,
NY, 1982, Vol 1, pp 101-06

F.F. Lukashenko, N.K. Zinovieva, V.P.
Tereckin and P. Feofanov, Trans. Titani. Ego
Splavy, SSSR, 1961, Vol 99 (6), pp 14-20
V.D. Savin, Izv Vyssh. Ucheb Zaved., Tsvet
Met., 1970, Vol 13 (5), pp 63-68

S.V. Ogurtsov, Titanium and Titanium
Alloys—Scientific and Technological Aspects,
J.C. Williams and A.E. Belov, eds., Plenum
Press, New York, NY, 1982, Vol 1, pp 41-61
V.A. Reznichenko, Titanium and Titanium
Alloys—Scientific and Technological Aspects,
J.C. Williams and A.E. Belov, eds., Plenum
Press, New York, NY, 1982, Vol 1, pp 63-77
O. Takeda and T.H. Okabe, Materials
Transactions, Vol 47, No 4 (2006), pp 1145-
1154

R.O. Suzaki, et. al., Metallurgical and
Materials Transactions B, Vol 30B, June 1999,
pg 403

T.N. Deura, et. al., Metallurgical and
Materials Transaction B, Vol 29B, Dec 1998,
pg 1167

G. Zhang, O. Ostrovski, Metallurgical and
Materials Transactions B, Vol 31B, Feb 2000,
p 129

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

R.O. Suzaki, et. al., Metallurgical and
Materials Transactions B, Vol 30B, June 1999,
pg 403

U.S. Patent 2,647,826

T.H. Okabe, J. of Alloys and Compounds, Vol
364, 11 Feb 2004

V.S. Moxson, et. al., International J. Of
Powder Metallurgy, Vol 34, No 5, 1998

U.S. 7,351,272; 7,435,282; 2007/001739A1;
5,958,106; 6,409,797, 6,861,038;
2008/0031766A1

GRB Elliott, JOM, Sept 1998

J.H. Mui, Canadian J. Of chemistry, Vol 10,
1962

T. Oishi, et. al., J. Applied Electrochemistry,
32, 819-824, 2002

D.D. Harbuck, et. Al.,, JOM, Sept 1986, pp
47-50

U.S. Patent 3,085,871

U.S. Patent 3,085,872

U.S. Patent 3,085,873

V. Evdokimov, V. Krenev, Inorganic
Materials, Vol 38, No 5, 2002, pp 490-493
U.S. Patent 4,445,931

U.S. Patent 2,864,749

Report to Congress, An Integrated Plan for the
Development and Processing of Low-Cost
Titanium  Materials and  Associated
Manufacturing Processes, August 2004



TITANIUM 2009
Waikoloa, Hawaii
13 — 16 September 2009

Novel Processing to Produce
. Ti and Ti Alloy Powders
on a Continuous Basis

Authors: J.C. Withers, J.P. Laughlin, Y. Elkadi, J. DeSilva,
R. Storm, V. Shapovalov, D. Myers, R.O. Loutfy

September 15, 2009

Materials and Electrochemical Research Corporation

AN
NMIER

CORPORATION

Dr. J. C. (Jim) Withers
jcwithers@mercorp.com
520.574.1980 ext. 113

~



TITANIUM 2009

0 o o
The Kroll Process to Produce Titanium

TiCl, TiCl, TiCl,

Schematic lllustrations
saiEnsi for the Titanium Growth
in the Kroll Process

Mg Ti + MgCl, + Mg MgCl,

Nucleation to form titanium particulate primarily occurs at reactor wall —
Mg interface

The produced Ti particulate grows and becomes semi-sintered termed
Sponge

Due to titanium sponge firmly adhering to the reactor/retort wall and
semi-sintering, the processing is unsuitable for continuous operation

Due to nucleation and reaction on the vessel walls, iron contamination of
that portion of the produce sponge is unavoidable

The chloride base chemistry has demonstrated high quality low oxygen
titanium can be produced

Tickle/TiCl, is an indispensable chloride intermediate for metallothermic
reduction to produce titanium /‘FV\
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The Kroll Process to Produce Titanium (Continued)

The slow-speed, batch, labor intensive
Kroll process results in titanium sponge at
high cost compared to most metals

In spite of over 70 years of intensive
diverse investigations, a consensus on the
mechanism of a reaction model has been

elusive

Reversing the Kroll process of introducing
the tickle/TiCl, in the bottom of the reactor
in the salt produces only small particulate
under 10u that is subject to high oxygen

pick-up even pyrophoric
Introducing TiCl, into salts for

metallothermic reduction results in fine
particles due to the limited availability of Ti
content in the TiCl, gas bubble and lack of
reaction architecture to build up the fine

particle

For direct use in powder metallurgy, the

particle should be spheroidal in

and about 250 on the high side

" TiCl,=—=
morphology and 25 — 40u on the low side

Mg

MgCl, —

Schematic lllustrating the
Titanium Particle Growth
with Gas Introduced within

the Salt
/P\
'///i !}:{IIPEEN

www.mercorp.com
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Chloride Chemistry in Reaction Architectures

to Continuously Produce Titanium
In Controlled Sized Large Particles

Reactor design that prevents nucleation on or at reactor
wall surface

Reaction (metal reductant + TiCl,) performed in a spacial
state that provides mechanism to form spheroidal Ti
particles

Sufficient concentration of reactants and reaction time
within a free space that allows large (25 — 250) particle
sizes to be produced

Titanium particle size produced is controlled by reductant
metal (i.e. Mg, Ca, Na, K, etc.) spacial dominion size,
when sufficient TiCl, is available to complete the reaction
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Electrolytic Cell Reactor Architecture
to Produce Titanium Powder

Schematic of Electrolytic Cell to Continuously = E.nti.re Chlpride Chemistry performed in-situ
Produce Ti/Alloy Particulate within a single electrolysis cell
| TEO:C m  No separate handling of metal reductant

feed

(Mg or other), ClI, or TiCl,

: m Alloy powder can be produced if alloying
2 o el - ol co metal chlorides are added into the TiCl,

s — eddhrough delivery stream

alloying metal
chloride feed —)-:8]:

i.e. AICl5 , VClj, 1 insulator . . . .
= @f Mg layr m  Continuous production of titanium/alloy
EBEX powder

porous

i ™M (I
P separator

"~

MgCl,
salt

cl, i

2MgCl, +4e”
=2Mg + 2Cly

Ti particles

screen____|

Ti powder produced by in- S|tu

sieve
! metallothermic reduction
recycle to vacuum foti .
MgCl ovaporation consisting of electrdlytlc_ally produced
to separate Mg reducing TiCl,. ~
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Alternate Electrolytic Cell Reactor Architecture
to Produce Titanium Powder

_ v 300° _ m  Electrolytic cell producing the reductant metal
Ti:O:C + 2C + 2Cl, 355> TiCl, + 2CO (Ca or could be Mg) and reaction chamber of
| metallothermic reduction are separated but tied

. together in a continuous closed loop
electrolysis _ _
M ® cl m Can produce pure Ti or Ti alloy powder
2 : . : : : :
) m  Tiparticle size can be built up with continuous
Ca/CaCl, ; supply of TiCl,/metal alloy chloride into the
v  — : - nucleated initial fine powder to produce larger
| < TiCly | particles before settling to bottom of the
_raw *Ca | reactor.
material 4 ._
m  Continuous production of titanium/alloy powder
Cal/CaCl, CaCl, /~
I tal ——=, barate s/
alloy meta separator
chlorides, —— —
MCI,
CaCl, —— >
to separation Titanim-lron alloy particulate produced in
and vacuum a system as illustrated on the left.
evaporation
Conceptual Diagram for Continuously N

6 Producing Titanium Alloy Powder =W MSER,

www.mercorp.com



" J
Reactor Architecture to Produce Spherical
Droplets of Reducing Metal to Produce

Spheroidal Titanium Powder

Ar

Mg recycle < —

reactor to completely react
the reduction metal droplet MgC,
producing a controlled size
spheroidal Ti particle

m Continuous production of

titanium/anoy powder lllustration of a continuous system to produce spheroidal Ti particles
from the reaction of Mg droplets and TiCl, vapor.

~
-=/=~m =
/.f| CORPORATION

I
7 Www.mercor| p.com

m Reaction architecture is Ti Clyrecycle TN wg
generating spherical f . g—ﬁ
reduction metal droplets in a —
. - . <—thermocouple
specific size S”rﬁp.%E 0o o %
m TiCl,/alloying metal chloride e, > — : : 3 Newpor
is maintained as a saturated - I i o
gas phase in the reaction - B ¢ 9 /Cyc"’"e
space T‘Q
m  Sufficient height in the {\?
—

Ti particles with MgCl, film
to vacuum evaporation

Ti particles screw pump
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Reactor Architecture that Eliminates
Nucleation at Reactor Wall — Mg Interface

T e to Produce Titanium Powder

R

m Same reaction

architecture as Kroll
ey reactor, but eliminates
) nucleation at the reactor
i, o wall that creates the
o sier’ sponge morphology, to

produce Ti powder

Ti particles

m Continuous production of

L .0. ! ....:.:.'....: ...
el .. ....:. .-.
coeds
screw °o.:... c... X -'.:.:..".. o g0 T %ol :.:.:.“.'o:.o :s}: e l:o:t
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Utilization of Low Cost Ti Powder to Produce
Low Cost Ti Products via Rapid Manufacturing

Mg Reduction
25%

Preliminary Arc Melt
12%

Fabrication to 1" plate
47%

9%

Rutile
4%

Second melt
3%

m Rapid low cost
manufacturing can
substantially reduce
cost to manufacture Ti
products to near
net/net shape
components

m If pure Ti powder is the
feed, add alloying
elements (i.e. Al-V) to
produce alloy
component
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Utilization of Low Cost Ti Powder to Produce Low Cost
Ti Products via Rapid Manufacturing (Continued)

m PTA rapid manufacturing process virtually eliminates
traditional high buy-to-fly ratios

m The operating cost of PTA rapid manufacturing is only a
few dollars per pound

m With low cost Ti powder can meet Army cost goal to
produce armor plate

m A TiB,/Ti armor produced by PTA processing can reduce
weight by:
50% over RHA Steel
30% over standard Ti64 plate

m The mechanical properties of PTA Rapid manufactured
material is the same as produced by traditional
processing
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Example Titanium
Components
Produced by the :
Rapid Manufacturing |
Plasma Transferred
Arc System



