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Details on the thermodynamic evaluation on deoxidation of liquid Ti

Supplementary Table 1
Thermodynamic data of the compounds in the Y-O-F systems and oxygen dissolution
into liquid Ti at 2000 K (1727 °C)

Reaction Standard Gibbs energy Supplementary

change of reaction at 2000 K Ref. no.
(1727 °C), AG® / Jmol*

2'Y (I) +3/2 02 (9) = Y205 (5) ~ 1,333,000 1
Y (I) +3/2 F2 (g) = YFs () ~ 1,266,000 1
Y()+1/20,(g) +1/2F,(g) = YOF (s) - 907,400 1-3
1/2 05 () = O (1 mass% in Ti (1)) ~400,000° 47

2 Rough estimation based on the literature values.
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Supplementary Figure 1

Phase diagram for the Y203-YF;3 pseudobinary system?. Based on this diagram, liquid
YF; phase can equilibrate with the yttrium oxyfluoride phases even at high temperatures
above the melting point of Ti.



Details on the analysis of oxygen and nitrogen concentrations in metal samples
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Supplementary Figure 2

Analysis positions of the Ti sample in Exp. #1. The Ti sample was analyzed for oxygen
and nitrogen concentrations by the inert gas fusion method (LECO ON836). As shown in
Supplementary Table 2, the deoxidation reaction proceeded uniformly in the entire
sample. The red dotted line surrounds the Ti sample after deoxidation, which was cut on

HHH

a base plate and divided into small pieces.

Supplementary Table 2
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The oxygen and nitrogen concentrations of the Ti samples in Exp. #1

Oxygen conc.,

Nitrogen conc.,

Co (mass ppm) Cw (mass ppm)
Initial Analysis  Initial Analysis
Analysis  (nominal),  After, error, (nominal),  After, error,
EXp # Position CO,initial b CO,aﬂer el €0, after (%) CN,initial b CN,after c2 EN,after (%)
1 A3 ~1000 170 6 ~30 140 4
A3 220 5 140 4
AS 110 8 130 4
A5 120 8 120 4
C3 140 7 130 4
C3 230 5 150 4
C5 110 8 140 4
C5 120 8 120 4
E3 190 6 140 4
ES 120 8 150 4

* See Supplementary Figure 2.

b The initial concentrations of oxygen and nitrogen in the Ti sample were calculated from the weight and

composition of the input Ti materials.
Analysis conditions:

°' Blank: graphite crucible, part number 782-720, 1 g, 0.0 = 0.1 ug O, 0.0 £ 0.1 pug N;
Flux: Ni basket, part number 502-344, 1 g,1.3+0.7 ug 0,0.3+0.2 ug N;
Standard sample for calibration: steel pin, part number 502-874, 1 g, 366 + 6 ppm O, 23 + 2 ppm N.

°2Blank: graphite crucible, part number 782-720, 1 g, 0.0 = 0.1 ug O, 0.0 £ 0.1 pug N;
Flux: Ni basket, part number 502-344,1 g, 1.4+ 0.7 pg 0,03 £0.2 ug N;

Standard sample for calibration: steel pin, part number YY-001-125, 1 g, 89 + 8 ppm O, 432 £ 9 ppm N.
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Supplementary Figure 3

Analysis positions of the Ti sample in Exp. #2. The Ti sample was analyzed for
oxygen and nitrogen concentrations by the inert gas fusion method (LECO ON836). As
shown in Supplementary Table 3, the deoxidation reaction proceeded uniformly in the
entire sample. Ti pieces were prepared as in Supplementary Figure 2.

Supplementary Table 3
The oxygen and nitrogen concentrations of the Ti samples in Exp. #2.
Oxygen conc., Nitrogen conc.,
Co (mass ppm) Cn (mass ppm)
Initial Analysis  Initial Analysis
Analysis  (nominal),  After, error, (nominal),  After, error,
EXp. # pOSitiOH a CO,initial b CO,aﬂer €0, after (%) C'N,initial b CN,after EN,after (%)
2 A3 ~1000 600°! 3 ~30 100 <2 4
A5 580! 3 100 <2 4
C3 620°! 3 100 <2 4
Cs 580°¢! 3 70¢2 5
E3 600 °! 3 110¢ 4

2 See Supplementary Figure 3.
® The initial concentrations of oxygen and nitrogen in the Ti sample were calculated from the weight and
composition of the input Ti materials.
Analysis conditions:
°' Blank: graphite crucible, part number 782-720, 1 g, 0.0 = 0.1 ug O, 0.0 £ 0.1 pug N;
Flux: Ni basket, part number 502-344, 1 g,1.3+0.7 ug 0,0.3+0.2 ug N;
Standard sample for calibration: steel pin, part number 502-874, 1 g, 366 + 6 ppm O, 23 + 2 ppm N.
¢2Blank: graphite crucible, part number 782-720, 1 g, 0.0+ 0.1 ug O, 0.0 £ 0.1 pg N;
Flux: Ni basket, part number 502-344, 1 g, 1.4+ 0.7 pg O, 0.3 £0.2 ug N;
Standard sample for calibration: steel pin, part number YY-001-125, 1 g, 89 + 8 ppm O, 432 £ 9 ppm N.
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Supplementary Figure 4

Analysis positions of the Ti sample in Exp. #8. The Ti sample was analyzed for oxygen
and nitrogen concentrations by the inert gas fusion method (LECO ON836). As shown in
Supplementary Table 4, the deoxidation reaction proceeded uniformly in the entire
sample. Ti pieces were prepared as in Supplementary Figure 2.

Supplementary Table 4
The oxygen and nitrogen concentrations of the Ti samples in Exp. #8.
Oxygen conc., Nitrogen conc.,
Co (mass ppm) Cy (mass ppm)
Initial Analysis  Initial Analysis
Analysis  (nominal),  After, error, (nominal),  After, error,
EXp. # pOSitiOn a CO,initial b CO,aﬂer €0, after (%) C'N,initial b CN,after EN,after (%)
8 A2 ~10000 1100 3 ~30 240 <2 3
A4 860 ¢! 3 220°¢ 3
C2 860 °! 3 230 3
Cc4 780 ¢! 3 230 3

2 See Supplementary Figure 4.
® The initial concentrations of oxygen and nitrogen in the Ti sample were calculated from the weight and
composition of the input Ti materials.
Analysis conditions:
°' Blank: graphite crucible, part number 782-720, 1 g, 0.0 = 0.1 ug O, 0.0 £ 0.1 pug N;
Flux: Ni basket, part number 502-344,1 g, 1.3+0.7 pg 0,03 £0.2 ug N;
Standard sample for calibration: steel pin, part number 502-874, 1 g, 366 + 6 ppm O, 23 + 2 ppm N.
¢2Blank: graphite crucible, part number 782-720, 1 g, 0.0+ 0.1 ug O, 0.0 £ 0.1 pg N;
Flux: Ni basket, part number 502-344, 1 g, 1.4+ 0.7 pg O, 0.3 £0.2 ug N;
Standard sample for calibration: steel pin, part number YY-001-125, 1 g, 89 + 8 ppm O, 432 £ 9 ppm N.



Details on the analysis of yttrium oxyfluoride phases in fluxes
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Supplementary Figure 5

XRD patterns of fluxes after the experiments and initial YF3 reagent. Diffraction
angles (26): (a) 10-90 degrees, (b) 27-30 degrees, (c¢) 30-35 degrees, and (d) 45-50
degrees. The YF3 peaks seemed to have shifted to the higher angle side. In the Exp. #8, a
new large peak was observed at high angle near 28 degrees. It was considered to be a
peak of a compound consisting of Y-O-F. Peaks around 32.5 degrees and 33 degrees in
the fluxes of Exps. #1 and #8 were thought to be due to a compound composed of Y-O—
F. There was a peak around 46.5 degree in the flux of Exp. #8, which may be attributed
to a compound composed of Y—O-F. Y203 peaks were not observed at 29.4 degrees, 34

degrees, and 48.9 degrees.
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Exp. #1

Exp. #8

Supplementary Figure 6
SEM images (secondary electron images (SEIs) and backscattered electron
composition images (BEClIs)) of fluxes after the experiments: (a) SEI and (b) BECI
for Exp. #1; (c) SEI and (d) BECI for Exp. #8. EDS results for markers in the BECIs
are shown in Supplementary Table 5. According to the BECI of the flux in Exp. #8, there
were white regions for Y metal, light gray regions for Y-O—-F compounds, and dark gray
regions for YF3. This result indicates that the Y/YOF/YF; equilibrium was achieved in
the current systems. For the flux in Exp. #1, the existence of Y-O-F compound was not
clearly observed. This may be due to the results that the amount of compounds produced
was small during the deoxidation.



Supplementary Table 5
EDS analysis results of the fluxes in Exps. #1 and #8 (cf. Supplementary Figure 6)

Analysis Concentration of element #, C; (mol%)

Exp.# point * Y 0 F Phase

1 001 86.7 10.7 2.6 Metallic Y
002 89.0 8.5 2.5
003 86.0 11.1 2.8
004 41.4 2.8 55.8 YF; **
005 42.0 2.4 55.6
006 43.2 2.1 54.7

8 002 88.2 9.9 1.9 Metallic Y
003 84.8 10.3 4.9
004 85.9 11.6 2.5
005 48.2 19.6 323 Yttrium oxyfluoride
006 48.1 19.0 329
007 48.9 21.5 29.6
008 38.6 5.8 55.5 YF; **
009 43.9 7.3 48.8
010 41.3 5.3 534

* The analysis points are shown in Supplementary Figure 5.
** The Y concentration of initial YF3 reagent was 37—42 mol% based on the EDS analysis.
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