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C-0O Relations of the Extremely Low Carbon Austenitic Stainless
Steels and Nickel Base High Alloys in Vacuum Induction Melting

Synopsis:

Masataka KAMAKURA and Eijiro IsHIKAWA

The C-O carbon vs. oxygen relations of extremely low carbon austenitic stainless steel and Ni-base al-
loy, in comparison with iron, were studied for the vacuum refined melts together with some thermodynamic

considerations.
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Sampling was made during ihe quiescent period of melis in a 200 kg vacuum induction furnace with

: PO a4 " PRypn.arn % N
n tine

MgO lining, and then the chemical compositions were determined.
During quiescent period after violent boiling the C-O relations in the stainless steels with G% =0.01
were shown to be in equilibrium and the following relations were obtained.

C+0=C0, K=Pco/lp-ac
Melt Temp. (°C) a,=F(ac)
Fe 1 600

Pco(Atm.)

@y—=6.59% 10-5 @c-1-05 3-4x10-2

Austenitic (1 550 a,=4.89x10-6 gc-1.01 2-3%10-3

Stainless {l 650 Ay=1.44x10-5 @:~0-92 3-4x10-3
steel

Ni base 1 550 5-15x10-3

high alloy

Calculated values of P¢g for the iron melts were about 10 times higher than those for stainless steels. It
is considered that the effect of refractory on the oxygen potential of molten steel depends on accompanying

clements.

For the Ni base high alloys it was found that the C-O relation was similat to those for steel and the ef-
ficiency of deoxidizer added at tapping was greater than those for steels,
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1. Vacuum Vessel

4. Mechanical Booster

7. Sampling Equipment

2. Furnace 3. Oil Diff. pump
5. Rotary pump 6. Immersion Pyrometer

8. Vacuum Gauge

Fig. 1. Schematic diagram of vacuum furnace.
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200 kg EEFHEF O WML S Fig. 1, £t DEAE
% Table | iRl BEREEEIERT 0.3~0.8
X 10-3 Torr THD27-.
2.2 f#tEM

IR A T D7 DL B E%, &Ik
OEEEF L & o Table 2 iR L. 2oL
REEE D3RS % Table 3 iR Lichd, TEgkE
XUER 27 v 2D OEFEIIE 100ppm EF = » 7o,
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X CEBRICEZ W HEIC L > Thdi.

Table 1. Outline of vacuum induction furnace

(200 kg).

. Inner diameter | 1 640 mm ¢
Vacuum vessel Depth 2 900 mm
Rotary pump 6000 1 / min
Through-put l\gf)(;l;tag;lcal 3400ms3/hr
of pump RSy
Oil diffusion 40001 / min
pump
Power 125k VA (3kHz)
Furnace Inner diameter 320 mm ¢
Depth 430 mm
Refractory MgO 68.5%, Al,O, 28.09%,

Si0O, 2.5%

I. Pirani-gauge

Vacuum gauge 2. Alphatron(Ionization by Ra?26)

Temperature 13PR Immersion pyrometer
measurement

Sampling Mold immersion method

23 RBRAZE

200 kg B EIRIEIFECTCOTFMEIC X b I5HE L, FEsi&
g, o 7Y vy RFTEWC, Ok XL ofibit
RS OSWER TR0k, s, RERENR, I13PR &
HIREFt 2 Avics, AIERERS I L £5°C ¢Hho
7.
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Table 2. Chemical compositions of samples*.
Mark | Kinds of mels  C SiF* :;\/In**: P s Ni - Gr Mo Oters
Stecl-A | SUS 308 |<0.010 0. 05 R 2 3 <0 010 <. 010 104 0 202 | —
Steel-B | SUS 309 ” 13.5 = 23.3 | —
Steel-C |  SUS 316 y ’ 2 3 ’ ’ 13.0 | 19.2 | 2.4
; Ni-Base | | . (Nb 2.6
Alloy-D | ¢ 7 . 0.10 | 3. 2 v ” 73.0 . 19,5 | — Fe 1.3
Alloy ! : v (Ti 0.5 =2
. Ni-Base (W 3.0
Alloy-E Alloy <0.025 \<0 05 <. 05 v 74.7 — {200 {5 79
Fe <0.010 |<o .010 |<O0. 02‘ # 1 4 <0.010 |<0.010 i — {‘éﬁ%—“&%

# The devmuons of content for each element were as ['ollou.s Auslenmc slalnlcss s(eels, \’ : 30.2%5, Cr: £0.4%5, Mo: £0.13%
Ni-Base Alloy Cr: £0.435, Mo : +£0.395, Nb: +0.1g5, W: +0.1%5 Fe: +0.19
*#  §i, Mn and Ti added aftcr carbon deoxidation.

Table 3. Chemical compositions of raw materials.

Electrolytic Fe EElcctrofyzic Ni | Metallic Cr | Metallic Mo , Alloy Fe-Nb | Metallic W
C 0.008 0.004 0.01 0.004 0.05 0.01
Si 0.004 0.002 0.005 0.013 0.20 0.10
Mn 0.004 — — — —
P 0.002 <0.001 0.002 0.005 0.04 0.015
S 0.002 0.001 0.003 0.005 0.01 0.020
Al — — 0.006 0.008 0.15 —
Fe Bal. — — — Bal. —
Ni — Bal. — — — —
Cr — — Bal. — — —
Mo — — — Bal —_ —
Nb — — — — 60.1 —
W — — — — — Bal
KA Y s E AT k1)
—_— ——— [+] I
S A e T D Bl T [} 312
1 ] 1 [} 1 1 1 1 |
B B @ % RO Ok W Ar : X--- Fe
fit imoho& oW sl .
B & 5 #8 OB { 0---Steel C
A K 1 ﬁr:l Ir?ﬂl T O O R M # : A.-_Auoy D
3. 2 B & 8 ' a
3.1 FEBBCIELES C O OFE w10} ]
Ao 272 » o
PUA TS - S AR BT LT b s 2
BULIELLIC-OFSIC X HIEHDFEA ) o X HEi . <)
C ORI BE D 2 IR 2 S L TH920~30 min =
BT C-0 Kb EHKENS RN 515 5. i | : |
Fig. 21C§igk, Steel-C 35X 8 Alloy-D @iz DT ~ .
4
A 2 D05 [%C1[%0) o&lbridlic. v voiling | S
i
FThHFHICE 8 K& —Eflic iRt E, #igkc 1x 5 guiescent
10-4, Steel-C, Alloy-D Tix 2~5x10-5 %2R L, fif 0

6 2 40 6 80 min.
Fig. 2. Variation of [9%C][260] in vacuum
melting.

SEQHEINL H—FHLTWD, LahoT, LMEOR
FRISERIC A>T 20 min DA EREE LCHRICIRIR L7
DOEIHT.
32 AEEBEFEHELAELER

BEVx, 1550°C & 1650°C o 2 ke L L7-23, Hhigk
DG FIEFBRRKECOTFHEL LT 1600°C #FHwv
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Table 4. Experimental conditions and chemical analysis* of [C] and [O].

Press. Press.
Temp. 'y C O Temp. Za C O
Sample | No. °C) (%Olr(])-') (% 10-495)| (% 10-49%) Sample | No. °G) ('%'(0112'.) (X 10-495)|( x 10-494)
1560 37 247 1 1615 30 417
1 1 560 28 423 9 1680 ) 80 320
— . 16 331 1610 |- 3~30 45 303
s | 1640 19 680 3 | 1635 ‘ 90 149
1 560 11 660 4 1 640 150 130
1630 16 629 1535 27 261
3 | 1625 16 639 Stecl 5 - 30 291
4 1570 23 401 6 1580 30 276
Fe 1580 | g _9p 17 384 — 112 21 387
5 | 1590 39 278 . 1550 34 234
1625 17 338 — 26 276
6 1620 20 581 5 — 100 87
1 580 20 495 1 540 60 95
7 1580 62 139
8 1 585 200 76 1650 60 144
1620 97 64 | 1650 60 218
9 1 280 gg gf;‘ll 2 1 650 40 184
1645 1 650 48 244
3 11670 |10~ 4 245
) 1670 260 120 4 1670 130 97
— [ 630 180 115 1650 100 112
2 1 640 44 333 5 1650 90 84
‘3 1630 70 273 Steel 6 1560 40 108
4 1 540 190 94 eé — 40 113
Steel — 70 83 - 109 81
. — 39 254 ; 1 540 31 177
5 1550 33 248 — 36 143
— 1~9 39 200 — 37 161
— 22 325 8 1540 |\ 2~12 50 138
6 1 540 39 204 — 69 98
7 1 550 29 181 9 — 30 235
8 1 550 40 255 1555 39 206
— 110 66
10 — 90 83
1 560 50 70

Table 4. (continued) Experimental conditions and
chemical analysis* of [C] and [O].

Press. C O

Sample | No. ’{oegl)p. (x10-3 [(x10-4 |(x10-4
Torr.) %) %)
l 1 580 200 68
1570 210 66
— 160 57
Allo 2 1 540 125 54
D — 8~15 120 | 64
3 1545 90 63
— 60 56
1560 150 64
— 55 77
1 50 5
9 130 3
Allo 1 560 40 18
5| 3 |x20°C | 12~22 30 30
130 6
4 85 6
70 19
* Each value is the average of |~5 measures under the same

condition.

3-3 NSRRI
CHIVOGEHREDBEAHigkE 27 vARK EET

TR LIS AE#o C-0 FiEod, (1)RoEHE®
Ex bbb, EHER, TOMBNFMEERE LTI
ZARHEDE(E, ScHENcK 535 X UMRE 5 DEUEH
5 (1)~(6) RXF X UCHELVEFABFRE L LT Table 5
DEMRHEEhTWS. LBHBERCER XIS 2 h
LDORIZDOWT, 188257 VAFTHRILT B E v
NBEYOTHERTHIEMT D & & L.
C+O=CO0 -eerrrmmminnieniiiiiininni (1)
ay=fo[ %07, fo=Sfo' [ [ f - (3)
a;=f:[%C), fe=f' - fO fO S - (4)
lg f9=e 'f”[%j]"'"'"""""“""“"""(5)
K=1160/T+2.003 -+ coceveerenauianunnnnnnn. (6)
(3), (4), (5)RXDEFEE Table 5 OIIIEMHG
v C, Table 4 DERIED LEPFPED ap, a. D
ExThZThEH L. #igkicowv Fig. 3 itz
55, HEEDI= DB LIfE09, G. H. Benner 5|
Efl & HITIF—FK L /=
Ig ay—lg a; PARDOEMODENL—1.05 & —1 1TF

K=Pco/g Qgre e ereneene
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Table 5. Interaction parameter (¢ {) of Fe-M-O (—C) solutions*.

NoEo o el N e Mo Nb oW
i\ ' j . i
O —0.20 | —0421 0.006  —0.41 | 0.004 - =
C ” —0.34 ! —0.298| 0.012 | -0.024 —0.009  —0.060 J ~0.003
v;irlrl;'comm;lde(l values by Japanese society for ;I;e promotion of science (17) and Scuexnck et al. (18)) A
SOF
N - ™\ 1650 °C
F ‘&3‘% (1) ag=6359x10° a¢ % I 1550 °C
1000 | N3 0 N
o o N\
< *®
5 : ,‘
N 0
5K -
SN
. i
N N !
L R x\\ ~d
x\ \§
\\
, D
5 100 200
ac x10§ a,x 108
Fig. 5 Relation between a, and a, for steel B.
Fig. 3. Relation between a, and a, for Fe. (1)  ap=1.09x 10-5g,-0.93
® WATANABES) (2) 6,=3.13% 10-6q,~1.04
A  BENNET et al20) 4
® Present work soF
5 X & —-— 1650 °C
501 5 0 B----=- 1550 °C
[ n N
| F e w0 > M\
w O RG A ® e . x \\ D
(o] 1550°C o NG
e o t Ny i
><° 103 o
%) N
o - o ~
- N
5 090 T ;
ap=1.21x10" a¢
R \\\ .
R Q b 1
N N
N f
\ A
\\\ 0(1) k \\
N 1 PRI _— i
ONO™ L ) 5 10 50
10 0 ac x10°
a, % 108 .
Fig. 6. Relation between a, and a, for steel C,
Fig. 4. Relation between a, and a, for steel A. (1) ap—4.08x 10~6a, 112 -

(2) ap=1.20x10-%g,~1-25

A5 ULAHEA, B, CicowidrhFh Fig. 4
~6 T ay-a; BEHRZ R Uiz, EBIT, ap-a. [BDEIFR
2RO THEAUCPFEE L7223, A8, BEMicE L Dtd

DH Table 6 TH5H. Mh a0 D a THT 5HE%
HhBHE, AFLVARDOFEDL —1 GV T EES
h, BIcTI9ER2 5L —1.05 12k, (2)RBK
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Table 6. a,-q, relations for pure Fe and aus-
tenitic stainless steels.

Mark r(rfénf ay=F (a;) unit : %
Fe | 1 600 a9=6.59x 10~5q,-1.05
A a,=1.21x10-5g,-0.90
B 1 550 ap=3.13 10-6g,~1.04
& ap= 1.20 % 10‘0116-1.25
B ap=1.09 X 10-5g,-0.93
C 1650 | 4 085 10-54,-112
o |
i 0 Steel A
9 [ ] i/ B
(8] 4 Cc
o
...0‘0104_- 0 x Alloy D
< ) A 4 E
T
S i .
o ? o
005 o
i o
x X a )
X 8
O-J.g.éégﬁflé.z\
0 0.005 o0 *lo
C content

Fig. 7. [C%] [O%] of austenitic stainless steels
and Ni high alloys at tapping.
(each plot is the average of 1 to 5 me-
asurements)

(1) and —-— 1650 'C

(2)and = —~-- 1550 °C

a, x10%

NN

N
o ag i

50

ac xip%

Fig. 8. a.-a, relations for Fe and stainless steel.
(1) s ap=1.44x 10-5g,-0.92
(2) : p=4.89x10-%g,-1.01

SETHEMIHD LV,
3-4 HGsD C-O BAfR
AR B A D Si, Mn, Al Ti 7z XOiR

Iz & SRR R T oo, M SR A R
I L7okER, Fig. 753485607 25 LX$EA, B,
CTWR I & RO C-O BAGEMB L 6N 525, Ni #
BEDOHEEHEL» TR, CEEEHRIED TEW
OFEZTRTH (Alloy-E) 3,5 5.

4. E =

4-1 #tigkdD- C-O BK%

BZRIEM LIcHIBRD a0, ac BMRZ MMOBIE Z OMIE
B LT (Fig. 3) T EE LT —3% L7 @S
L, %7z Table 6 DBIFER 2 55T, AHEDEH
ST, BEREREE (C=0.01%) o C-O BFic
(2) R X 2 FHERER DT E D 2 L dboo7-.
42 F—RF+4 b2F2 LRFD C-O FEE

A—=RATFA FAF U LVAMMA, B, C-® ay a; 4
Rz ovwTdh (Fig. 4~6), &ic LSOkl
=L GE. 7z, (6)ROFHHEED Hkd iz Pook
HRICHFES L7ods, KEEL d Peo b, 1550°C ¢ 2
~3%x10-%atm, 1630°C T 3~4x10-3atm OFifHic
HOT=HLTWD. LahR>T 3l —E L TR
R TE5LE2, FLOTHEL -FEF% Fig. 8
IR L7 O oMk ESTCA L. EE T
BIFBEGEREL, Pco WTROER D THO.

ﬁmﬁ iﬁlg(oc) a0=F(ac) Pco(atm)

Fe 1600 2y=0.59 % 10-5a,-1-05
3~4x10-2

A—AFF4 b (1550 gg=4.89x10-6g,-1.01
2~3x10-3

AT v LA 1650 ap=1.44x 10-54,-0.92
3~4x10-3

INLDEERPL, A—AFF4 bPRAF L LD
B0 FHERIVTEP S5 L EMBTED L LB, Table 5
DL ERAREROBIEZ AV TR Y L ENE SN/
EFZIbNS.

TAIREHFRE DI ANES 1~30%x10-3 Torr : [9%C]
[%0]1 »oHE P En-+ito CO 4 E (2~30 Torr)
THRELENDD. ZOERIEIIERDOIMEDD b H
bh, BRE LT, FETRIIS2ER kIS 500
DEEEVERF E X, Pk EobT i HEEENIT
BLALRFE LI W® L vwbh 5.

72, ERRXDERATF U VRAEAD Poo 25k
1710 &g 2T 35, Bfio CO SFEEE# 525
REBERE Ui, TAMOBERT v v VitEx
LEEPPEC L OTERDL 30 F 2 505,
Tiebb, BEAWERS OMgORIER & ik LT MgO
=Mg(G)+0 Oz L, Mg BERL, O35
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Table 7. Activity coefficient of Ni-M-O solutions
after D. JaNkE et ali®).

Element log /3 ;Rangc in %
w ,—0.004[Wos] | <20
Mo | —0.024[Mo%] F<19
Cr —0.231[Cr%] +0.009[Cr%12 | <11
C —21.6[C%]+111.8[C%]* | <0.05
J .

FHPIZ AV BEOEHMIERIRL K 5W. X7 U VAE
Hho Cr BXHAMKETCHREKAE TS L, GIRTE
EH MgO & Cr,O5 OE BRI EH3FEEREIC
R L MgODRBEi#MEIT o &itkhsd. Lah>2T
IRIA~D ORI IR L Peo HMUEITIRD LHEESH

5.

43 Ni g0 C-O B

Ni B o C it § 5 &5 emEOE L BTN
THHE, BIIFAEIESTR L Tvwada, (1)~
(5)DBFEIERT & ERELTREIT LA, V. L
ArTEMOV 523 X8 D. I Syuy 580 C,0 iw@ET
BOEMEE L, OED F. D. JaNke HWiT X5 Ni g
D ODFERICE LIETIRMTEOZEOREZ Av
Ciz 2wt Fe 5D SORIER BV C ara: Bk
FEE L7 BT -2 TROREE BV

a) (DRI DPWTOFEER

V. 1. ArtEmov 5T X 51{H,

K=4426(1950°C, Pco=1)

D. 1. Svuy 5z X 5{H, K=12050(1525°C, Pco=1)
7B, K=9770 (1600°C, Pco=1) ##E L.

b) ODE=EFRE

F. D. Jangke® 5z X1 %5 Table 7 ofE% A7,

3, Nb 22w TiHAIEERE SR THizWO T,

=1 &Lk

c) CoOFE=FRE. Fe @Mk 5{E(Table 5)% 5]
ALTkDDz & LD, ODBELER, IR e d 72
ik, kEd Table 7 o lgf§=—21.60{%C]+111.8
[9C12 O 1 E@rLEEIL X Dk, ik, FE21H
¥, 0.01%C BEOHEFEHTRER LSLOTHIKL
oo BERELT, e8=-16.22 B{ohi.

d) C, Okd i f§ fi=1 kLl

Table 4 OEH|EL SLNEN a5, a. ZEIEIZLD
kDT, Fig. 9ITEd L7z, ap & a DFARIE, (2)RDF
R ERTEIEBIHBILEBHEEEINS. Peo
BB XF 5~15x10-3atm T&Ho7. ZOffild, 25>
VAR EFESOPIIZH D Z LB/ LTS,
4-4 AFIBREAOHR

aEmsiAso C-O lRe i s e (Fig. 7) A7 v

50 =, S ' '*' ;
F N +
AN ——-— Pco (1600°C) |
‘© \\AQ; © Alloy D
= I, X Alloy E i
° ?
o
1C |
5
5
'.-
od

Fig. 9. Relation of a, and ¢, for nickel base alloy.
* Calculated from literature(11) (12)

ZEACREFADO C-O R &L L TCHRE WL On

Bl bEmIcH Y, BMHBEERELIZORENKESE
DTWB I EMbrofk. —7F, Ni EEE&E TIEIES
REEDENRMBKE L, E-BMRS OREBAOMERIC S
XETHELGMOBEELERD L ENELLN DY,
V. V.. AVERINIOZ X T, Mn, AL Si 3 X O Tidg EDNi
IR BT DIREERERSIAIR K D KEW T EHBRINT
kb, E5I Ni Eiho W,Mo 7 &, BEETE
DIEREEINTH Z ENPEL»PIcEhTWS. Alloy-D
(Ni-Cr %) it LT Alloy-E (Ni-Mo %) 28 C &¢&
WRMRAI D TRV OSERC DI b LRI D 5E
Mz AT & 5.

5. 4

BEREA—RAFF+4 PAF L LRAE Ni EEAE
DHEZEGERFED C-0O BHREmaT L, ROBEEHSHE L,
Wi o7z,

(1) TAMIBRIAD BER L VR4 Y /& TC, O
HAMETFL, SN AB L, A—AFF M PAT L
ZHOEETD, (1), (2)Ro C-O FHEHHCER
TEDXLHRADZ EMbirol. Bobhic ¢, a F
X G Peo OEIRE IS E EL L TR Lic

gk 1600°C ¢u=6.59 x 10-3a,~1-05
Pco=3~4x10-2atm

1550°C a,—4.89 X 10-62,-1-01
PC0=2~3X 10-3

1650°C ap,=1.44x10-5g,—0-92
PCO=3~4X10‘3

il

F—AFFA b

AT L APTE
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* RZyEEE : C @ 0.0029%~0.02%, Ni: 10.0%~
13.5%, Cr : 19%~23%, Mo : 0~2.5%

27w VRO CO S EMHERIT I L TEV 01X, 5
MOREFRT v ViITHT BT KO EE A ARG
RESDTRLELRDEEZLND.

(2) NiEZFEE&£THRRC @FHoBR/MgE£0C
-O BRIEFHERBIGE VW Z L3R Eh . CO S E
DOHEENEIX 1550°C T Peo=5~15%10-3atm T&H D7
73, Ni FE&BERCAT 52BN FHELS DT &
5% DIREZR Bkl Sich,o7.

(3) H\ERpAHO C-O Bk HigkiREER (S,
Mn, Al, Ti 75 &) OBEEREE, Ni £EELOLH»A
— 2754 PRFULAFIOREWT EBHALIITR
D, Ni BIRICETBERSDEEH Fe BROBE X
DERBICERIC@ES K Z b EMCEAI N

HKODCERMAROEZ D20, BAEIEENLEEE
L7z, @BHEHRTER, MaiFEfLicEL slg
EFE4.
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