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Development of a New Titanium Powder Sintering Process with Deoxidation

Reaction Using Yttrium Metal
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Oxygen (O) contamination in titanium (Ti) is difficult to control using conventional Ti powder-metallurgy technologies, owing to the
strong affinity between Ti and O. In this study, we developed a new sintering process that can remove O from Ti by placing Ti green and yttrium
(Y) in molten salt. This study demonstrates that the O concentration in Ti can be reliably controlled in the range of 200-2000 ppm O by varying
ay in the Y/Y,05 equilibrium at 1300 K in NaCIl-KCl (/), such that the sintering reaction of Ti powder simultaneously proceeds. Furthermore, it
is also shown that the O concentration in Ti can be reduced to 30—60 ppm O in YCl; (/) in the sintering process, when the Y/YOCI/YCl;
equilibrium is employed. This study demonstrates the feasibility of a new sintering process that can control the O concentration in Ti to
approximately 30—2000 ppm O. The process ensures economical rationality because the cost of Y metal is negligibly small in recent years. By
developing this process, inexpensive high-O-concentration Ti powder can be applied for fabricating the desired low-O-concentration Ti products.
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1. Introduction

Titanium (Ti) and Ti-alloy (Ti—6 mass% Al-<4mass% V,
etc.) have desirable properties such as low weight, high
strength, corrosion resistance, and biocompatibility." Addi-
tionally, Ti has an abundant natural resource, and Ti material
is expected to become a major industrial metal such as steel
and aluminum.>® However, the current production costs of
Ti products are much higher than those made from common
metals so that the use of Ti is limited to high-value-added
products for specific applications, such as aircraft parts.” The
high production cost of Ti products is caused by inefficient,
specialized, and high-cost techniques to control the purity
of Ti in smelting and machining processes. This is mainly
because Ti has an extremely strong affinity for oxygen (O) at
high temperatures.”)

Powder metallurgy of Ti (PM-Ti) is suitable for producing
Ti products, because it can decrease the number of high-
temperature processes in machining (a near-net-shaped
process). In recent years, PM-Ti technologies (e.g., 3D-
printing) fields have advanced rapidly worldwide. Moreover,
many new smelting methods for Ti were developed to reduce
smelting costs and designed to produce Ti powder.>') PM-Ti
has attracted much attention as a critical technology to enable
the widespread use of Ti in our society.

With conventional PM-Ti technologies, the increase of the
O concentration in Ti during the sintering process is
unavoidable owing to the strong affinity between Ti and
0.2 As the O concentration in Ti increases, the tensile
strength also increases because of the solid solution
strengthening effect, but the ductility of Ti deteriorates
significantly.’*!”) During the manufacture of low-O-concen-
tration Ti products, expensive pure Ti powder with low-O-
concentrations (e.g., 200-400USD-kg= 1)1 is required
as starting material, resulting in high production costs.
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Considering the current trade-offs between strength and
ductility, it would certainly be beneficial to develop a new
deoxidation technology to control the O concentration in Ti
to 100-2000 mass ppm O. The deoxidation technology will
establish a novel sintering process that can produce Ti
products with the desired O concentration starting from an
inexpensive high-O-concentration Ti powder.

Until recently, a variety of methods that can produce
sintered Ti with low-O-concentrations have been proposed
and developed (Table 1).2°3% Generally, the sintering
process of Ti is conducted in an inert-gas atmosphere or a
vacuum. However, as shown in Table 1, the O concentration
in Ti is inevitably increased in inert-gas and vacuum states
during the sintering process. This occurs, because the partial
pressure of O, (i.e., O, potential), pp,, must be extremely
low to directly remove O from Ti, owing to the strong affinity
between Ti and O. Based on equilibrium theory, the
relationship between the O concentration in B-Ti ([O]y

(mass%)) and po, is expressed as follows:>®)
1/2 Oy (g) = O (1 mass%, in B-Ti) (1)
AG°11i = —2.303RT log(fo - [Olti/po,' ) 2

AG° i = —583000 + 88.57 (J) [1173-1373K] (3)

where O dissolved in Ti is expressed relative to the 1 mass%
standard state; AG° 1j is the standard Gibbs energy of the O
dissolution in Ti; R is the gas constant; 7' is the absolute
temperature; and fo is the Henrian activity coefficient for
O dissolved in Ti. Given that the O dissolved in Ti obeys
Henry’s law, the value of f; is defined to be unity.

For example, when 1 mass% O (10000 ppm O) is dissolved
in B-Ti at 1300K, po, is determined to be as low as 2.5 x
1038 atm (2.5 x 10733 Pa). At such an extremely low O,
potential, direct removal of O from Ti during the sintering
process is impossible in an inert gas or vacuum state.
Therefore, Ti powder with low-O-concentration is greatly
needed for conventional PM-Ti technologies. However, low-
O-concentration Ti powder is expensive, because it is difficult
to produce with high-purity using conventional technologies.
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Table 1 Previous studies of the production of sintered Ti at low-oxygen
concentrations.

Author, year Method Initial oxygen Oxygen
concentration ~ concentration
of Ti powder, of sintered Ti,
Conital Co sintered
(ppm O) (ppm O)

S. Abkowitz et Unknown 415

al., 1971

K. Majima, et Sintered under vacuum 1500 2000

al., 1984 "

K. Majima, et Sintering with Ca vapor 1500 1960

al., 1984 )

P.K. Tripathy, Electrochemical method TiO, <1500

etal., 2007 in CaCL(/)

L. Strezov, et Electrochemical method TiO, <500

al., 2007 % in CaCL (/)

J.C. Choi et al., Sintering Ti powder 7100

2009 *¥ with Ca under vacuum

A.T. Sidambe,  Sintering in Ar 1430 1700

etal., 2014

S.D. Luo, et al., Microwave sintering 2100

201329 with Ti sponge

E. Carreflo- Sintering TiH, powder TiH, 3000

Morelli ,

etal., 2014

JM. Oh, et al., Sintering with Ca and 2000 3000-3100

20162 CaCl, vapor

Z.Z. Fang, et “Partial sintering” in <1000

al., 2017 CaCl, (1)

The aim of this  Utilizing Y/Y,0; 200-2000

study, 2019 equilibrium

Utilizing Y/YOCI/YCI, 30-60
equilibrium

Based on this background, many researchers have focused
on using deoxidizing agents in PM-Ti. In particular, calcium
(Ca) metal is well known for its strong deoxidizing capability
and its high vapor pressure. For example, in 1984, Majima
et al. reported a sintering method for Ti powder in Ca vapor,
but the O concentration in Ti increased during the process.?"
Until recently, some researchers (e.g., Choi et al. and Oh
et al.) had reported sintering methods for Ti in Ca vapor.?+?®)
Nevertheless, the sintering methods of Ti using Ca vapor are
not widely used at an industrial scale, partly because it is
challenging to efficiently remove the by-products of the
deoxidation reaction (e.g., CaO (s)) from inside the sintered
Ti body.

In molten salts, such as CaCl, (/), which is stable at
extremely low O, potential, the solubility of the oxide ion
(0?7) is high. Thermochemical and electrochemical deoxi-
dation processes in molten salts are widely known as efficient
techniques to remove O from Ti. Ca metal is widely known
as an efficient deoxidizing agent for Ti in CaCl,, and many
researchers have reported that the sintering reaction of Ti
powders occurred in molten salt.?%3¢49)  Additionally,
researchers have produced sintered Ti from TiO, powder
using an electrochemical process with molten salt. In 2007,
Tripathy et al. produced sintered Ti with 1500 ppm O or less
by applying a voltage between a TiO, cathode and a carbon

anode in CaCl, (Fray-Farthing—Chen Cambridge method,
FFC method).??*? In the same year, Strezov et al.?> reported
in a patent that they had produced sintered Ti with 500 ppm
O or less using the FFC method. More recently, Hu et al.
produced golf-club-sized sintered Ti using the FFC
method 3%

To the best of our knowledge, there has been no report
about producing sintered Ti with reliably lower than 400 ppm
O, or of precisely controlling the O concentration in Ti in the
range of 100-2000ppm O. In conventional PM-Ti tech-
nologies, O concentrations in Ti increase during the sintering
process and expensive Ti powder with low-O concentration
is necessary to produce reliable Ti products. To solve this
problem for PM-Ti, we focused on developing a new
sintering process that controls the O concentration in Ti
using the deoxidation techniques of pyrometallurgy.

In the past, the amounts of rare-earth (RE) metals
production were small, and it was not economical to use
RE metals for the deoxidation of Ti on an industrial scale.
However, the demand for RE magnets, especially Nd—-Fe-B
magnets doped with Dy, has rapidly increased in recent
years.*) Some RE metals, including Y, La, Ce, and Ho are
produced as by-products of Nd and Dy. Industrially, the
applications of these RE metals are limited and their demands
are not expected to increase. Therefore, there will be a
chronic oversupply of these RE metals in the future. Thus,
the use of Y, La, Ce, and Ho metals for new deoxidation
technology in PM-Ti ensures efficient utilization of natural
resources and can be justified economically.

In PM-Ti fields, some researchers have reported that the
mechanical properties of sintered Ti could be improved with
small additions of RE compounds (RE oxides, RE hydrides,
RE borides, etc.).**¥) Especially, the mechanical strengthen-
ing effect due to oxide particle distribution by internal
oxidation of RE elements is actively studied.

In contrast, we focused on the deoxidation of Ti by
dissolving O in molten salt using RE metals. The deoxidation
limits in the RE/RE,O3 equilibrium for bulk Ti have been
experimentally demonstrated.**=* Specifically, Y is consid-
ered to have the strongest deoxidizing capability in the RE/
RE;O3 equilibrium in all rare earth metals. For example,
when ay =1 and ay,o, = 1 at 1300K, the O concentration
in bulk Ti decreases to approximately 100-200 ppm O in the
Y/Y,0; equilibrium. Just recently, we experimentally
demonstrated that the O concentration in Ti could be
decreased to 30—-60 ppm O in the Y/YOCI/YCl; equilibrium
at 1300 K.> However, there has been no research on the
behavior of Ti powder at such an extremely low O, potential
(Po, < 2.5 x 107* atm at 1300K, O concentration in Ti <
100 ppm O).

In this study, we developed a new sintering process that
can remove O from Ti using Y metal as the deoxidizing agent
in molten salt. Our goal is to demonstrate a new sintering
process in which the O concentration in Ti can be controlled
within the range of approximately 30-2000 ppm O (Table 1).

2. Thermodynamic Consideration

To design a new deoxidation method using molten salt, we
determined the deoxidation reaction and the molten salt
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M-CI-O system at 1300 K (M = Li, Na, K, Ca, Mg, Y)
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Fig. 1 Phase stability diagram for the M-CI-O system (M = Li, Na, K,
Mg, Ca and Y) at 1300 K 135433

suitable to control the O concentration in Ti using a
thermodynamic consideration. We set the experimental
temperature to 1300K, because this temperature is exper-
imentally known to facilitate the deoxidation of Ti in molten
salt.

In the Y-O-CIl system at 1300K, Y,05 (s), YOCI (s), and
YCl; (/) are reported as stable compounds. Figure 1 shows a
phase stability diagram produced from a plot of the partial
pressure of Cly, pcy,, vs. the partial pressure of O, po,, for
the M—O—Cl system (M = Li, Na, K, Ca, Mg, Y) at 1300 K.
Table 2 shows the thermodynamic data used to draw
Fig. 1.333%35 The relationship between the O concentration
in Ti and po, based on equilibrium theory, is also expressed
in Fig. 1 using eqgs. (1)—(3).

As shown in Fig. 1, LiCl, NaCl, KCI, and CaCl, have
regions coexisting with the Y/Y,0; equilibrium (Line A)
and the Y/YOCI/YCl; equilibrium (Point B). Thus, in
molten LiCl, NaCl, KCI, and CaCl,, Y metal is stable and
the following deoxidation reactions proceed at 1300K. In
MgCl,, Y metal is unstable.

O(@nTi)4+2/3Y (s)=1/3Y,0;3 (s) 4)
AG®; geox 4] = 1/3AG g v,0, — AG 1 (5
[Ol7i 14 = (ay,0,"* /ay™") exp(AG®,. deox 141/RT) (©6)
Co. theo 141 = 200 (ay,0,'* /ay*"*) (mass ppm O) (7

O (in TH)+2/3 Y (s)+1/3 YCls (1) = YOCI (s)  (8)
AG®; geox 18 = AG’ryoct — 1/3AG g ye, — AG° 111 (9)

Table 2 Standard Gibbs free energy of formation at 1300 K used in Fig. 1
drawing.

Species, i Standard Gibbs energy Ref.
of formation, AG®;;

/kJ-mol ™ at 1300 K

O (1 mass %, in B-Ti) — 468 15
LiCl () - 314 54
Li,0 (s) — 426 54
NacCl (/) — 288 54
Na,O (s) - 216 54
KCI () - 302 54
K,O () - 153 54
MgCl, (1) — 449 54
MgO (s) — 458 54
CaCl, (/) - 605 54
CaO (s) — 499 54
Y,0; (s) - 1530 54
YCL () - 713 54
YOCI (s) - 790 55

[Ol1i 181 = (ayoci/(ay*” - aycy,'?)) exp(AG®: geox 131/RT)
(10)

Co,theo 131 = 3.4 (ayoci/(ay*" - ayci,'?)) (mass ppm O)
(11)
where AG°;; is the standard Gibbs free energy of formation
for each compound; a; is the activity of each chemical
species; and Co meo 1S the O concentration in Ti (mass
ppm O).
Conversely, when Y metal is placed in molten MgCl,, the
following displacement reaction occurs:

3MgCL (DD+2Y (s) = 2YCl; (O+3 Mg () (12)

As long as MgCl, exists in the system, Y metal induces the
displacement reaction with MgCl, (eq. (12)). In this study,
MgCl, was excluded from the flux candidates for the
sintering process in order to use Y metal as the deoxidizing
agent.

There is a possibility that the sintering Ti samples were
contaminated by Y and other elements. For example, Y has
a very small solubility in Ti (approximately 0.2 mol% at
1300K) based on available thermodynamic data in the
literature.>® This study is a proof-of-concept of the new
sintering process with deoxidation, and the contamination
of such elements should be investigated in detail as future
works.

Figure 2 shows the relationship between [O]r; and ay
in the Y/Y,0;5 and Y/YOCI/YCl; equilibria at 1300K. In
this study, the Y/Y,0; equilibrium was employed to control
the O concentration in the range of 200-2000 ppm O with
varying ay in eutectic NaCIl-KClI (/) (50 mol% NaCI-KCl).
Additionally, the Y/YOCI/YCl; equilibrium was employed
to reduce the O concentration in Ti to 30-60ppm O in
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Y/Y,0,, YIYOCIYCI, eq. at 1300 K
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Fig. 3 Y-Ag binary phase diagram.*®

YCIl5(/). The difference between the calculated value
(3.4ppm O) in eq. (11) of the O concentration in Ti and
the experimental value (30—60ppm O) was caused by the
inaccuracy of AG°;yoc1 and AG°¢ ycy, in the literature.’?

To vary ay in the Y/Y,05 equilibrium and to control po,
in the system, Y-Ag alloy was used in this study. Figure 3
shows the binary diagram of the Y-Ag system, and Fig. 4
shows the relationship between the mole fraction of Y, Xy, in
the Y-Ag alloy and ay at 1346K.>” In this study, the
relationship between Xy and ay at 1346 K was applied as an
approximation at 1300 K.

Through the thermodynamic considerations above, a new
sintering process with the deoxidation of Ti using Y metal as
the deoxidizing agent was designed, as shown in Fig. 5. In
this process, with electron transfer in the conductive plate, O
in Ti and Y dissolve into NaCl-KCl as oxide ion (O*~) and
yttrium ion (Y37), respectively. These ions produce Y,0s (s)
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Fig. 5 Schematic illustration of the new sintering process developed in this
study showing control of oxygen concentration in Ti.

or YOCI (s) and the O concentration in Ti decreased
following the reactions (4) and (8).

3. [Experimental Procedure

Figure 6(a) shows a schematic of the experimental
apparatus in a Ti crucible. Bulk Ti samples (approximately
0.1g each) and a Ti pellet were placed in the Ti crucible,
as shown in Fig. 6(a). The Ti crucibles were placed with Ti
sponge (getter) in a stainless-steel container, which was
completely sealed via welding. The Ti samples, which were
used for measuring O concentration, were cubes having 2—
3mm sides (Ti-2B, ca. 230ppm O), 1.2 mm diameter wires
(Ti-1.2U, ca. 1200 ppm O), and 2 mm diameter wires (Ti-2L,
ca. 1200ppm O). Ti pellets were made from hydride-
dehydride Ti powder (press pressure: ~500 MPa). Detailed
information on the samples used in the experiments is shown
in Table 3.

The initial amounts of samples and reagents in each lot are
shown in Tables 4 and 5. In the experiments of the Y/Y,0;
equilibrium, approximately 1g of Y,0; was added into the
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(@)
<«—Ti cap
<+—Ti crucible
NaCl, KCI,
- (YCl;, MgCl,)
L+ Ti samples
ODU 1% Ti foll ~
_[___<x41Sintered Ti
| KR+~ Y, Ag

Fig. 6 (a) Schematic illustration and (b) photograph (181001-lot.3-1) of the
Ti crucible.

Table 3 Materials and reagents used in the experiments.

Materials Form Purity / grade Supplier / note
Ti 254 mm CP-Ti* Shinkinzoku Industry
crucible  in diameter Co., Ltd.
1 mm
in thickness
80 mm in height
Ti cap CP-Ti* Shinkinzoku Industry
Co., Ltd.
Ti foil 0.1 mm CP-Ti* Shinkinzoku Industry
in thickness Co., Ltd.
Ti-2B cube with 2 mm ~ 230 mass ppm O High purity Ti
in length of side sponge,
electron-beam melted
Ti-1.2U  wire with 1.2 ~ 1200 mass ppm O  Shinkinzoku Industry
mm in diameter Co., Ltd.
Ti-2L wire with 2 mm ~ 1200 mass ppm O Shinkinzoku Industry
in diameter Co., Ltd.
Ti sponge 297.0 % Toho Titanium Co.,
Ltd.
Ti HDH Powder, 2>99.4% Osaka Titanium
irregular shapes <3500 ppm O Technologies Co
] . <300 ppm N Ltd ”
particle size: :
<45 pm
Y shot >99 % Santoku Co., Ltd.
Ag shot 299.99 % Ishifuku Kinzoku Co.,
Ltd.
YCl, powder >99.9 %, anhydrous  Alfa Aesar Co., Ltd.
Y,0; powder 299.9 % Shin-Etsu Chemical
Co., Ltd.
NaCl powder 299 % Wako Industry Co.,
Ltd.
KCl1 powder 299 % Wako Industry Co.,
Ltd.
Stainless SUS 316, Azabu Industry Co.,
Sioel Ni: 10-14 % Laabu fndustry
crucible g/lrézl 65—%; ‘é:
(tube and Fe: balanced
plate)
Caption:

a: Commercially pure titanium (= 99.5 %)

initial feed to maintain ay,o, at unity. The stainless-steel
container was placed in a box-type electric furnace and held
at 1300K for 173 ks. The holding time was determined based
on the diffusion coefficient of O in Ti at 1300K>® and an

Table 4 Initial amounts of samples and reagents in the Ti crucible for the
experiment utilizing the Y/Y,0; equilibrium.

Exp. no. ay a5 Tnitial amount of samples in the titanium Co. theo
crucible, m/g (n/mol) (ppm O)*
NaCl KCl Y Ag Y,0,
181001- 1 16.22 20.68 4.42 1.13 200
lot.3-1° (0.278) (0.278) (0.0497) (0.00500)
181212- 1 14.72 18.78 5.33 1.16 200
lot.4-1° (0.252) (0.252) (0.0599) (0.00514)
181001- 0.44 12.86 16.41 5.33 4.33 1.13 350
lot.3-2 (0.220) (0.220) (0.0599) (0.0401) (0.00500)
181212- 0.44 13.83 17.64 5.33 4.32 1.15 350
lot.4-2 (0.237) (0.237) (0.0599) (0.0401) (0.00509)
181001- 0.26 14.31 18.26 4.01 5.93 1.13 490
lot.3-3 (0.245) (0.245) (0.0451) (0.0550) (0.00500)
181212- 0.26 13.57 17.32 4.00 5.93 1.13 490
lot.4-3 (0.232) (0.232) (0.0450) (0.0550) (0.00500)
181001- 0.09 12.09 15.43 3.11 7.01 1.13 1000
lot.3-4 (0.207) (0.207) (0.0350) (0.0650) (0.00500)
181212- 0.09 1698  21.66 3.11 7.01 1.13 1000
lot.4-4 (0.291) (0.291) (0.0350) (0.0650) (0.00500)
181001- 0.03 13.20 16.84 2.22 8.09 1.13 2000
lot.3-5 (0.226) (0.226) (0.0250) (0.0750) (0.00500)
181212- 0.03 16.76  21.39 2.22 8.09 1.13 2000
lot.4-5 (0.287) (0.287) (0.0250) (0.0750) (0.00500)
Caption:

a: Activity of Y(s).

b: Calculated from the initial amount of the samples using the ref. 56.

c: As shown in Figure 5, the activity of Y in the Y—Ag system has two certain
values (ay = 0.44, 0.26). Also, we set the activities for producing sintered
Ti at 1000 and 2000 ppm O.

d: Theoretical deoxidation limit of Ti.

e: These values are reprinted from ref. 53.

Table 5 Initial amounts of samples and reagents in the Ti crucible for the
experiment utilizing the Y/YOCI/YCl; eq. and the results of the oxygen
concentration of Ti samples after the experiments.

Exp. no. Initial amount of samples Oxygen concentration

in the titanium crucible,  after exp.,
m/g (n/mol) Co " (ppm O)
Y YCl,
190315- 2.83 21.69 30 — 60
lot.6-1  (0.0318) (0.111)
Caption:

a: Reported in our previous paper (ref. 53). Inert gas fusion
method was used to detect oxygen (TC-600, LECO Corporation)

assumption of the time required to obtain a homogeneous
distribution of O dissolved in Ti.

After holding the stainless-steel container at 1300 K, the
container was quenched in water. Figure 6(b) shows a cross-
section of the Ti crucible after the experiment. The Ti sample
for measuring O concentration was chemically polished with
a 1:4:10 mixture of HF—-HNO;-H,O, which was sufficient to
remove impurities on the surface. It was then rinsed with
distilled water and alcohol before drying. The O concen-
trations in the Ti sample was analyzed by inert gas fusion
analysis (TC-600, LECO Corporation). Detailed analysis
conditions are shown in Table 6.

After the experiment, salts attached to the Ti pellet
were removed using acetic acid. Then, the surface of the Ti
pellet was physically polished using a buffing grinder (# 120,
# 1000, and # 2000) and chemically polished with HF-
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Exp. no. ay’ Types of  Oxygen Analyzed Co o
Tisamples concentration, error, (ppm O)°
Co (ppm O) €0 (%)
Initial,  After exp.,
Co, initial 0, after
181001- 1 2L¢ 1200 120 21 200
lot.3-1%¢ 2B 230 120 11
2B 230 150 11
181212- 1 2L 1200 210 11 200
lot4-1%f 1.2U 1200 80 23
2B 230 140 14
181001- 044 2L 1200 170 22 350
Jot.3-2¢ 1.2U 1200 250 30
181212- 044 2L 1200 110 23 350
lot.4-2" 2L 1200 160 17
1.2U 1200 160 20
2B 230 180 21
181001- 0.26 2LE 1200 730 5 490
lot.3-3¢ 2B 230 780 4
181212- 026 2L 1200 700 5 490
lot.4-3 1.2U 1200 500 7
2B 230 700 4
181001- 0.09 2L 1200 1000 5 1000
Jot.3-44 1.2U 1200 970 4
2B 230 1000 4
181212- 0.09 2L 1200 1200 4 1000
lot.4-4' 2L 1200 1200 5
181001- 0.03 2L 1200 2700 3 2000
lot.3-5¢ 1.2U 1200 2300 4
2B 230 2500 6
181212- 0.03 2L 1200 3000 3 2000
lot.4-5" 2L 1200 3000 3
1.2U 1200 1600 5
2B 230 1000 4
Caption:

a: Ti samples: ~1.0 g, 2L: wire with 2 mm diameter wire, 1.2U: 1.2 mm
diameter wire, 2B: cube with 2 mm side length
b: Activity of Y(s).
c: Theoretical deoxidation limit of Ti.
d: Analytical conditions:
Standard sample: steel pin ~ 1.0 g, 365+7 ppm O, part number: 501-646
Graphite crucible: ~ 1.0 g, 0.1+0.1 pg O, part number: 782-720

Ni flux: ~1.0 g, 4.4+1.9 pg O, part number: 502-344
Estimated maximum analytical error: &g . = 30 %,
e: These values are reprinted from ref. 53.
f: Analytical conditions:
Standard sample: steel pin ~ 1.0 g, 365+7 ppm O, part number: 501-646
Graphite crucible: ~ 1.0 g, 0.0+0.1 pg O, part number: 782-720
Ni flux: ~1.0 g, 3.4+1.5 pg O, part number: 502-344
Estimated maximum analytical error: €0 max = 23 %
g: Two piece.

HNOs-H,O for approximately 30s. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) were used to analyze the microstructure and the
composition of the Ti pellet (JSM6510LV, JEOL Co., Ltd.).

4. Results and Discussions

4.1 Inert gas fusion analysis of Ti samples in the Y/
Y,0; equilibrium

Table 6 shows the O concentration in the Ti samples after
the experiment in the Y/Y,0; equilibrium. Figure 7 shows
the relationship between the experimentally obtained O
concentrations in Ti and ay in the Y-Ag alloy. As shown in
Fig. 7, the results are in good agreement with calculated
values using thermodynamics. These results indicate that
the O concentration in Ti can be controlled reliably in the
range of 200-2000 ppm O using the method designed in this
study.
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Fig. 7 The relationship between experimentally obtained oxygen concen-
tration in the Ti samples and ay in Y/Y,05 equilibrium.

Fig. 8 SEM image of the surface of Ti pellets in NaCl-KCI at 1300 K
before the experiment.

4.2 SEM observation and EDS mapping of Ti pellets in
the Y/Y,0; equilibrium and Y/YOCI/YCl; equi-
librium

Figure 8 shows the SEM image of the surface of the Ti
pellet before the experiment.

Figure 9 shows the EDS mapping of a cross-section of a
Ti pellet in the experiment in the Y/Y,03 equilibrium, in
which pure Y metal was employed in molten NaCI-KCl
(Exp. # 181001-lot.3-1). Comparison of the SEM images in
Figs. 8 and 9(a) indicates that sintering of Ti powder
occurred. However, as shown in Fig. 9(a), the driving force
for the sintering reaction of Ti powder was not high enough
to obtain a completely dense sintered body. Furthermore, Y
was observed in the Ti pellet (Fig. 9(e)), which means Y
contamination was occurred in the Ti pellet. In contrast, the
positions of the O and chlorine (Cl) signals in the Ti pellet
were unclear (Figs. 9(b), (c)). Y contamination was likely
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Fig. 9 EDS-mapping of the cross-section of a Ti pellet in the Y/Y,03
equilibrium, after the sintering experiment (exp.181001-lot.3-1): (a) SEM
image, (b) O, (¢) Cl, (d) Ti, and (e) Y.

20 uym

Fig. 10 EDS-mapping of the cross-section of a Ti pellet in the Y/YOCI/
YCl; equilibrium, after the sintering experiment (exp.190315-lot.6-1):
(a) SEM image, (b) O, (c) Cl, (d) Ti, and (e) Y.

caused from contact between the Ti powder and Y ions in the
molten salt.

Figure 10 shows the EDS mapping of a cross-section of a
Ti pellet in the Y/YOCI/YCl; equilibrium in YCl; (Exp.

#190315-lot.6-1). Figure 10 confirms that sintering occurred
in this system and the sintered Ti pellet was still porous. The
positions of Y, O, and Cl were not identified during the EDS
mapping.

In this study, we focused mainly on thermodynamics in
order to probe the deoxidation limits during the sintering
process. Thus, the temperature (1300 K) was set to be lower
than the general sintering temperature of PM-Ti (1500—
1700K). However, the sintering/deoxidation temperature is
changeable. Higher temperatures would increase the driving
force of the sintering reaction under the ultra-low po,
environment.

As mentioned, this study demonstrated that new deoxi-
dation methods using the Y/Y,O; and Y/YOCI/YCl;
equilibria are effective to control the O concentrations in
Ti, and that the sintering reaction of Ti powder proceeds in
molten salt at 1300 K. However, some problems, such as
contamination and porousness in the sintered Ti, remain to
be solved before this deoxidation method can be applied to
PM-Ti in practice. The establishment of this new process will
enable the efficient fabrication of Ti products with desired
low-O-concentration from low-cost high-O-concentration Ti
powder.

5. Conclusion

In this study, we developed a new sintering process that
could remove O from Ti using Y metal in molten salt. This
study showed that the O concentration in Ti could be reliably
controlled by varying the activity of Y in the Y/Y,0;
equilibrium in NaCl-KCl (/) and that the sintering of Ti
powder co-occurred. Additionally, when the Y/YOCI/YCl;
equilibrium was employed to reduce the O concentration in
Ti to 30-60ppm O in YCl; (/), the sintering of Ti powder
also proceeded. This study demonstrated the possibility of the
development of a new sintering process, in which the O
concentration of Ti can be controlled to 30-2000 ppm O.
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