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Synopsis

Stainless steel is widely used in extreme environments because of its high corrosion resistance. In particular, materials for
applications requiring high reliability, such as medical devices and etching equipment, are produced using electron beam melting
(EBM), electro-slag remelting (ESR), or vacuum arc remelting (VAR) to reduce inclusions. These processes do not use refractory
materials, and are thus cleaner than conventional melting methods. In particular, VAR is the cleanest because strong carbon
deoxidation occurs in a high vacuum atmosphere. However, the factors influencing the effect of carbon deoxidation under high
vacuum on the cleanliness of stainless steel have not been fully investigated. For instance, the effect of the initial composition of
the inclusions is not well known. Thus, in this study, to evaluate the effect of the initial inclusions, Si- and Al-killed 316L stainless
steels were remelted in a high vacuum cold crucible furnace, and the inclusions were investigated. After vacuum refining, CaO—
Si0, inclusions were observed in the Si-killed material, while those of CaO—SiO,—Al,0; were observed in the Al-killed material.
The inclusion sizes were similar, despite the large differences in the initial oxygen concentrations. In contrast, the number density
of the Al-killed material was lower than that of the Si-killed material, suggesting that the initial Al killing is beneficial for higher
cleanliness after vacuum refining. Moreover, the origin and fate of inclusions in this experiment are discussed via thermodynamic

considerations.
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Fig. 1. Schematic of the decomposition of inclusions in
VAR. Inclusions in the metal pool are reduced
near the free surface, releasing carbon monoxide

gas.
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Fig. 2. Typical Ellingham diagram of materials related
to inclusions. The standard Gibbs free energy
of carbon monoxide at 6.7 Pa (6.6x10° atm)
is calculated based on Equation 4. Rand T
represent the gas constant and temperature

respectively.
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Fig. 3. Schematic of the decomposition of inclusions in

the experiment.

Fig. 4. Photograph captured during melting in a vacuum

cold crucible induction furnace.

2. 2 o

FEBETHR, ATy 2=V I V=TV
BIRpSH) WL, BHEEE, FIHEB X ORERA S
VST I E L) BB AR, o
MM L7z, ATEw AT O BEHE, E

£ 125 inch OB PRI DA K, WFE L 72, H BT
JEIZIZ 3 um D5 A Y E Y FIERL % w7z &k

BUIANMTEWORK, LM, BiR%EZ, FEIH#H Aspex
Explorer & A B E 7 BMsE ' 2 2 72 HEpR 4
Mok o CERME L 2. WEMHEBIZ 140 mm® &
L, BE2  1um 2 W2 2N TEWH T DA EHFRIC LT,
Ni, Cr, Fe, Mo &~ ) v 7 AHICEEICHFLET D72
B, STEMRBAT P S B L7z B SR 7250
BHZ b FIERD AT 21T - 72,

2. 3 TEEIHE

BRI 7 MY 2 7 FactSage 73 £ T DT — 4
~— 2 FactPS 7.3, FToxid 73, SGTE 72" ¥ %l
R REIR A& B L 7.

3. BWRBLUEE
3. 1 L

LA D25 L % Table 2 1R, EBifk, HEZEMT
#THAHMn & NOEEIZHA L7, Heat A & Heat B
O EIIIZIZHEL L, WHOERIS L CRROEZE
Y 52 5L 2 EDTHRERR S Tz,

MBFEIBEEITWTND 6 ppm TH o7z, ZOMEIZ)IM
D VAR DFER” L0 b, TKWH S DFEGISH 5
EEE T CEIIERATRRLHTLEZONL LD, &
FEERBRIEDE L 7208 0 2 KB g2 PR c & Tw b
LR SN RFBEOWADEIX, Heat A TH
FICRED o7, KEFELEROWAIIE, X (1) oft
FRmEBBOR—FHLE ZoZtrs, X 1)
O COMRBEIIS D EIX L7 ) 1I2E L TW iz Z & 5HERE
SNz,

Table 1. Chemical composition of the mother materials [mass%].

Heat no. |Fe C Ni Cr Mo Si Al Mn N (0]
A Bal. 0.015 147 16.9 2.3 0.27 <0.002 |0.45 0.011 0.01
B Bal 0.018 14.7 16.8 2.3 0.26 0.01 0.42 0.011 0.002
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Table 2. Changes in chemical composition before and after

experiments [mass%].

rl?(()a.at Step Mn N 0 c

A mgﬁ?ﬁ; 0.45 | 0.011 [0.01 | 0015

o \e;tc‘i:um <0.01 | 0.004 | 0.0006| 0.005

B Mggﬁgl 0.42 | 0.011 | 0.002 | 0.018

v O;tci:um <0.01 | 0.004 | 0.0006| 0.015
3. 2 NEY

WAEW ORIFEE 534 % Fig. 5 127”F. Heat A, B i/K#E(Z
BWT, pOoFEERIRE D, MEMORMMEIL 2 ~ 3 um
Thol:. NMEMOREEREL, Heat A, B & b FEER
28 U8 I L7z, KER O ETIZ, Heat B DR
BN Heat A £ )RR o7z,

Heat Mother After
no. material vacuum
30 3
Total Total
51.9 (mm-2) 6.7 (mm-2)
20 2
A
(w0 Al) 110 } 1
0 0
1 8 15 1 8 15
30 Total 3 Total
34.5 (mm-2) 3.9 (mm?)
20 2 F
B
(with Al) 10 L 1
0 0
1 8 15 1 8 15

X axis: Inclusion diameter (um)
Y axis: Number density of inclusion (mm?)
Fig. 5. Size distribution of inclusions of mother materials

and after vacuum experiment.
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Fig. 6. Composition changes of each inclusion size of

mother materials and after vacuum experiment.

FITHEYOEREFZIZOWTESIZHHZED D
728, AIEEWHLEK % MnO-Ca0-Si0, B &£ ¥ CaO-SiO—
ALO, D=AEIZ7ay kL7 (Fig. 7). %8B, KOH
MALZ T B 7-0FH L, ZNENO=MKIIB T,
BTHH DB DEFH 30 % LLEOMEE b DN EW O
K% Ty b7z Fig. 8 IZHE D729, FactSage Tal
B L-ZNZN0=JtRIEAHIRE R % R

Fig. 7 ® Heat A D FE M IZIZ E 22D 7 )V — 7



B> A7 ¥ LV ASOBZEREHUZ B B BERITCESMEM B KT T8

Heat no. Mother material After vacuum
MnO Si02 - MP<1500 °C
; %) MnO-SiO, Inclusion
-Al,0,-Ca0 diameter
. O <5 ym
. complex incl. 510 ym
A A B >10um
(wio Al)
AlLO,
MnO
C,S (7\58'0
29~ 10, .
j, —25A1,04)\ SiO,-AlL0,4
B 2 complex incl.
(with Al) L o W : g ﬂnuuav ,
pd 02%11 ] 15
MnO-CaO 3§ o f o & o b
Ca0o CAS, AlO4 Ca0 CAS, AlLO,

Fig. 7. Ternary diagrams of each heat of mother materials and after vacuum experiment based on weight fraction.
C,S: Dicalcium silicate (2Ca0O-SiO,), CAS,: Anorthite (Ca0-Al,0;-2Si0,). *Only inclusions whose total

components of each vertex exceed 30 % are shown in each ternary diagram.

T°C
Lacesy l 2000
MnO

1900

1800
MP<1500 °C

| 1700
1600

1500

1400

CaO

AL,

Fig. 8. Ternary phase diagrams of liquid surface
projections of MnO—-CaO-SiO, and CaO-SiO,—
AlLQO;.
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Table 3. Summary of estimated changes in inclusions.

Heat no. | Mother material After vacuum

A Coarse C,S =  Coarse C,S

(WO Al) | MnO-SiO,~CAS, = Disappeared

Coarse complex

C,S = inclusion of C,S—

B (75Si0,—25A1,0;)

(with Al) e ALLO, = fine ALO, —SiO,
MnO-CaO =  Disappeared
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Fig. 9. Temperature—pressure equilibrium phase diagrams near 316L steel melting point. The green boundary line

indicates the boundary of the gas phase. L represents liquid steel. (a) is calculated with the composition of Heat

A assuming aluminum equal to 20 ppm. (b) is calculated with the composition of Heat B assuming aluminum

equal to 100 ppm. Calcium was assumed to be 3 ppm.
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Fig. 10. Calculated pressure dependence of oxides phase fraction and composition of liquid slag phase. (a) is calculated

with the composition of Heat A assuming aluminum equal to 20 ppm. (b) is calculated with the composition

of Heat B assuming aluminum equal to 100 ppm. A, C and S are abbreviations for Al,O;, CaO and SiO, in

compounds of CA;, CA,, CAS, C,AS and C,S.
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Table 4. Summary of estimated changes in inclusions.

L Estimated fate of
Heat no. I]Y?n%ﬁjr;?oﬂggm Inclusions after
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