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Activities of MnO and SiO, in the MnO-Si0,~CrO, Melt and Equilibrium Relation among Inclusions
of This Ternary System and Molten Stainless Steel during Si-deoxidation Process

Mitsuru TANAHASHI, Tsuyoshi TANIGUCHL, Tomohiro KAYUKAWA,
Chikabumi Y AMAUCHI and Toshiharu FUIISAWA

Synopsis : The activities of MnO and SiO, in the liquid phase region of the MnO-SiO,~CrO, ternary system saturated with MnO - Cr,0, solid solution

were determined by conducting the equilibrium experiments between the above-mentioned ternary liquid phase and molten iron under the

condition of the oxygen partial pressure, Po, =2X 107®Pa at 1873K. By using the thermodynamic data of the MnO-SiO,-CrO, system deter-

mined in the previous and the present studies by the authors, the effect of the amount of Si addition on the equilibrium oxygen concentration

in molten stainless steel and the composition of non-metallic inclusions under the various conditions of Si-deoxidation process were calculat-

ed with the aid of the thermodynamic data related to molten steel. The behavior of inclusions formed during the process is discussed based

on the results obtained.
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Fig. 1. Compositions of the MnO-SiO,~CrO, slag and
crucible used in the present study plotted on the
phase diagram of this ternary system for
Py, =2X10"%Pa at 1873K (after the authors?).
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Fig. 2. Time dependences of concentrations of (a) Mn, (a)
Cr, (b) C, (¢) Si and (d) oxygen partial pressure in
molten iron phase reacted with the molten
MnO-SiO,—CrO, slag (Slag A) saturated with
MnO and MnO-Cr,0O; solid solutions under CO-
1%CO, atmosphere at 1873K.
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Table 1. Thermodynamic properties related to molten iron used in the present study.® >

Standard Gibbs Free Energy Change

Reaction AG® /] Temp. Range /K | Ref.
Mn(mass%, in molten Fe) + O(mass%, in molten Fe) = MnO(s) ~241000 + 10593 (T/K) | 1823-1973 4)
Si(mass%, in molten Fe) + 2 O(mass%, in molten Fe) = SiO,(s) -576440 + 218.2(T/K) 1823 - 1973 4)
1/2 Oy(g) = O(mass%, in molten Fe) -113700 - 5.83 (T/K) 1823 - 1973 4,5)
Mn(mass%, in molten Fe) + 2 Cr(mass%, in molten Fe) + 2 Ox(g) = MnO* Cr,03(MnO-satd.) =755 (= 4)' 1873 3)
First-order Interaction Parameter ([mass% Cr] < 3)
il e Temp. Range /K | Ref. | i | j e/ Temp. Range /K | Ref.
Mn 0.00 1823 - 1973 Mn | 0.0038'(0.0039 at 1843 K) 1873
Cr | 0.0038"(0.0039 at 1843 K) 1873 Cr 0.00 1823 - 1923
M | Si -1838 (T/K)™ + 0.964 1818 - 1893 8 o | Si -0.00477(~0.004 at 1903 K) 1873 8
Ni | -0.0071%(-0.0072 at 1843 K) 1873 Ni 0.0002 1873
o -0.083 1823 - 1973 o -0.189 1823 - 1923
c -1370 (T/ K)™ + 0.690 1823 - 1873 c -0.114 1873
Mn -940 (T/K)™ + 0.495 1818 - 1893 Mn -0.021 1823 - 1973
Cr | -0.0003%(-0.0003 at 1903 K) 1873 Cr -0.055 1823 - 1923
si | Si 0.103 1823 - 1973 4 o | Si -0.066 1823 - 1973 4
Ni 0.005 1873 Ni 0.006 1873
o -0.119 1823 - 1973 (o] -1750 (T/K)™ + 0.76 1823 - 1923
c 380(7T/K)™" - 0.023 c -0.421 1733 - 2033
First- and Second-order Interaction Parameters Related to Cr ([mass% Cr] = 3 - 30)
i i e/ Temp. Range /K | Ref. | i j r/ Temp. Range /K | Ref.
ol o 0.00 1873 - 2073 " Cc| o 0.00608""" 1873 - 2073 4)
(o] -1235(T/K)™" +0.481 1873 - 2073 o | cr| 102(T/K)-487x107 1873 - 2073 4)
o cCr -380 (T/K)™ +0.151 1873 - 2073 4) r&e0 = r$*° = 0.00374 1 1873 - 2073 4

1 The value of AG® at 1873 K was determined in the P, range from2 x 107 t0 6 x 107 Pa.”
+t The values of ¢/ at 1873 K were estimated from ¢/ at TK, using e/[at1873 K] = (T /1873) -e/[atT K].

11 The values of rg and rS™(rs"®) were determined from the value of r§", using rQ = (M, /M,)?-rS and

r&0 =g = (2M(, IM ) 1S, respectively.  (M;: Atomic weight of component i)
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Fig. 3. Activities of MnO and SiO, in the molten MnO-
Si0,—CrO, slag saturated with MnO- Cr,0, solid
solution for P, =2X10~°Pa at 1873K.
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5. SifE#7 O+ XIZH(t 3 MnO-Si0,~CrO %
NEY - X7 > L AR OFEEHEFR

5.1 EtHEEE

AR O CITEITHRO?, @Y Ik Rk Tx -
T=1873K, P, =2X10"°Pa IZ%5{} % MnO-Si0,~CrO, 3 K5
ROBSIFET — 2 %8 &1, KIRFBRINED -ZF /L
A B O T EBIR A 6, Sl 7 o 21281 3EH
DORE L SIBMEOBRAZFTHICK O RD 2, KEHHE
T, A—=2AFF A4 FREZAF VLD S FEEERED 12k
DEBRPHERZIN TS Mn-2 874 b (MnO-Cr,0,),
Mn-> Vo —F (Mn-Y U —b252), ¥ H (Si0,)
DIFEDOHEMERE L 72, —F, A7V L ABHHEK
IZBL T, CriREBECEEIZZNF M 18mass% & 0.05
mass% & L, NilREAA —Z27 74 b RATF VL A
FRIZHY 3 % 8mass% d B2 T = T4 P RDOFRIZHY
% Omass% D 2f8MHE L 723H/A12D0 T, Mol %1k
EHTCEE LA, FHEICHOWREf2T - 213, 1T
Table 1 FIZ/R L7223 D & FH -,

5:1-1 Mn-279v4 27 VL ABEMR
RRADFEBIRIZ DN T,

Mn (mass%, in molten Fe)+2 Cr (mass%, in molten Fe)
+40 (mass%, in molten Fe)=MnO - Cr,05(s) -+*-+* (11)

D 5D FEHE Gibbs I 3 L F — 2 (LIBT3 LI T OB
B % & LICEA L 72,

a .
AGH=—RT ln[—h M"(ZCZ(“O;’% J
Mn " Cr

—RT ln( : ]
(Sunl% M) (e, [% Crl) - (fo[% O

KRB D ayo.ci0, 122V TIE, MnO-Cry0, 7tk L 14 &
DFEEELTHBDT, 1& Lz, 72, AG)DIEIZD
W, BITHROIZTRO SN T3,

Mn (mass%, in molten Fe)+2 Cr (mass%, in molten Fe)

+20,(2)=MnO - Cr,0; (MnO-satd.) ----+----- (13)

DRSO e Gibbs HFH T 1 L ¥ —Z L AGY DIEY & AG?
DE* (O FhOME S Table 1 BHOZ L) 2MA&bES
ZEIZ&kDBORSB, LT, & (12) OBEGRE»S,
VAR O RO Si & R L TAER L 72 MnO - Cr,0, B
RE P 2BEMPOORE A ROz, 727201, AGY I
DV TUE MO - Cr,05 FElE & D FEHEIRRE & MnO SRR &
L7ZBADOEIME TS 50T, TOETIE, BEEERY
THdMn-27 w4 FOMRKE L TiEMnOFIH MnO-
Cr,0, #HiHRL LT3, &k, X (12) HOD £, 1220 T

Azdy 2NLs Aoy XM DD

HEMAZERLT, X (5) OBR»oRD =, £, & 112
BIL T, CriREAIEFISENDT, LD 6K IBT
5 LROMAEMERICIA T, BAho#mo & ofOEE
fERIZERD , DITFO2RD & 5122k DIHE TEE L 72,

10g fu:= Y, ety [% j1+751% OF +15-0[% Cr][% O] ++++++(14)

J

bg@=}5qﬂ%ﬂ+éﬂ%(ﬂLH§”W60H%Cﬂ ~~~~~~ (15)

J

ERPD el ef 12D TIL, Criff¥ A33~30mass% D&
BT B 2ol A By 7= (Table 12O Z &),
5:1:2 Mn—-Y U4 —F-25 L AVEMR

A2 FTROMn-¥ ) — F BEHPIZERT DK
87 5 N2 Z O KB O FEHE Gibbs H = F L F -2 {biZ R
(I)~(4) TEEINB, LT, KFEIZTEL R
FEREOMEDO M-V 77—+ 25 2128 % MnO & SiO,
DOWEHEDOME (Fig. 3 5K U Fig. 4) 2R (3) & (4) IZRA
U, Zh5 2 XOBRA FIRHCHZZ 3 QS & SimEn
BfRABMERAZEICKORE L, 72720, R (3), (4)
FE U7X (5) DBIRE, f, 220 TER (15 DBEfF%
HWT, ZhZFhEEEL 7=,

5:1:3 YUH-ZF VL RAEEIR

ARIZOVTIE, KIER (2) DIE¥EGibbs HHH T % L
F-ZOBBRA (4) FHWTHELE, 2750, 20
AHELCIE, SifiEE 7 T & 212 B 0TI Sio, B A K
THEREL, KX (4) PDag, DMERI1E L, 72, £
EfliDNTE, 5-1-1 & 512 OBA L FEROBER
L7z,

5.2 HERRHIUVEER

FRO—FlE LT, SiRMEL X7 v L XA O
ORE, o WICZORIZHIFT 2N EWHR OB FR %
Fig. 51279, @ KidA—2AFF4 FRZAF VLV IAFDE
A0, O)KIEZT 254 FVRAF VLV ZAFDBEDRERE
MLTWS, F/2, MnRED 0.2mass% DA % FEiG T,
0.5mass% DFAEHRTEL 72,

(@M, )& I, MnBHEH 02mass% (XH5H)
& 0.5mass% (KHBAHR) OVWThOBAL, SiRNED
BIC L @ &> THEME P 2 WML A, MnO-
Cr,0; Bif >MnO-Cr,0,+Mn-> ) 7 — b 2877 5>Mn—
27— bEM SMn-> ) 7 — b +8i0, 2 17 -Si0, #
HMOXS BT LI HBERENF N, T2,
*—=2AFF4 PRAT VL AFZOWTIE, WIS PG
LT3 Si lRERIZK DB oIz Si RINE L e a
R DOBIRY # B L TURL TV B4, AFHEHERIZ
ZOMEL IR —HLTWB, ZOTEerb, A7V L
ZHD SifEEE 7 v £ 212V, SRR & 50
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MU L7 Si L QDBOMEMSRICERAL TW3 L%z
b5, 72, BMFOMIBE RSV BOREIEKT

LTW3, =27 74 b RET 254 PRAT VLV AM
BT L, FiBEOHFLIDLTHLTIED 5 0REMEL
BoTW5,

Sio, LIEMAFHT 58 SiAME (SilRE &%
1mass% Bl 1) O&BTIR, A—25F-4 VR, 72741
FROFTROZT VL ZFOBES, O REIZ Mn RED
HELEILAERTCHOT, BEPICEML 2814
B L 728i0, L O TORENEE > Th D, SIHMED
Bz 3 5VOBEIRAERLETLTWS, T4hbb,
ZDEMHTREKE ZHEHIRPED OIS,

Mn-3 Y 7 — MEA L AT 5 REE O SiTRM
B (SiBE . lmass% i) DEXHBHTE, *—XF7F4 b
B, 7254 PROThORAT VL AMOBEAE S, BHH
DOMnEENREL A BIZLA, Mn—> U7 — F LVAM
DV E R THERE (B2 X of FORP/N X LER
THEN-ihR) FEoREMIZy 7 L, B2 Esi
OB EIbEN TS, £7-, Mn—-> ) 7 — M DB
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UM T 3 EAIZH D, ZDXHIZ, Mn-¥
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[mass% Si]

(b) Ferritic Stainless Steel ({[mass% Ni] = 0)

and 0.05 mass% of C equili-
brated with inclusions of the
MnO-Si0O,—CrO, system at
1873K.
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Fig. 6. Estimated relations between concentrations of O
and Si in molten austenitic and ferritic stainless
steels containing 18 mass% of Cr, 0.15mass% of
Mn and 0.05 mass% of C equilibrated with inclu-
sions of the MnO-Si0,—CrO, system at 1873K.
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WBERAEOERS KUEEHEIC I DB RO L
2, —BlELT, A—ZAFFA4 P RAT VLV AM (G



B 1190

$% &R Tetsu-to-Hagané Vol. 89 (2003) No. 12
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+ SiO,
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Fig. 7. Composition change
) in inclusions of the
+|6|n0.0r203 MnO—SiOZ—CrOX
0.2 system formed dur-
ing the Si-dioxida-
tion process of

J& © 18mass%, Ni#EfE . 8mass%, CUERE | 0.05mass%)
DSifik 7 v 2125\ T, SiRMEEEL X 22B40
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RIZFig. 5) KD ami, BRICHEYT 22, ZhZFh, Sifk
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B4 MnO-Cr,0; 75 Mn— ¥ U 7 — M2 (o), SidRiE
NESIZHWZ T 2mass% & k-7 ZATMn—> Y 7 — b
25 8i0, 122k 3% (Br). —7F, MniEE410.18 mass%
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BOBHRO RO & 5 R EbE 55,

6. ¥E

27 vV 2O Sifi#E 7 v £ X 12T MnO-Si0,~CrO, 3
BRI SR HEI DR - TERERIE % 17 S PRICE R A2 BH L &
LI - 2T v v A BB O FEBIR AL 2 IZ T 5 2
EEBMELT, ITD22o0/% @), 1) 2175 7=,

() RN T=1873K, P, =2X10"Pa D&M T,

LRI RR T S LESE DOFEEERBR ATV, MnO-
Cr,0, BVER &4 2 2 7 7 OWMHERIZH T % MnO &
SO, DWEEARD Az, X512, 2T rEMEIICET 3 L
RL2B A DFHERK A ER L 72,

D) B2 ) DOFERL S5 IO AR IR ROESF
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EORD 7, HohMRELTIIRT,

+ MnO-Cr,0,4 o .
austenitic  stainless
04 064 08 cro, steel at 1873K with
X MnO-Cr,0q amount of Si addi-
Cro, tion.
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