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Thermodynamics of Chromium Oxide in Molten CaO-MgO-AlO,-SiO,

Slags Coexisting with Solid Carbon

Synopsis :

The equilibrium concentrations of Cr in the molten CaO-MgO-Al,0,-Si0, system with Cr,C,, G
and one atmosphere of CO were determined at 1500°C and 1650°C.
found to exist as CrO from a thermochemical consideration.
were calculated from the determined concentrations.
amphoterically with a critical (Si0,) concentration of 30 wt2%.
was observed to increase ycpo in the region where chromium oxide behave as base.

Masafumi MAEDA and Nobuo SANO

3
Chromium in the slag was

The activity coefficients of CrO, 7cro
The Cr2+ jon in the melts was found to behave
In the GaO-AlL,04-5i0, melts, Al,O,
Therefore the

equilibrium concentration of chromium decreased with increasing (Al,O,) at constant Ca0/SiO,. In
the system of CaO-MgO-Al,0,-Si0,, the effect of (Al;O;) was complicated, because of the existance

of MgO.
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The ycro values were found to have close relationship with 7110,.; 2nd 7ypo.
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Photo. 1, Fig. 1 13 (%Ca0)/(%5i0,) =0.93, (%
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Photo. 1. EPMA image analysis demonstrating the
precipitation of chromium carbide.
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Fig. 1. EPMA line analysis of the slag-graphite

interface after equilibration for 24 hours. The slag
(Ca0/Si0,=0.93, (9%Al,O;) =10) contained 0.3
wt% of Cr.
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(3)RDOFEIRIT B &, LUTOBINFERNEED H
5 ,

CrO(1) =Cr (S) +1/20,(g)
4GS, =79880—15.257 (+200) (cal mol-?)
v (5)
Cr;C,(S) =3Cr (S) +2C(S)
AG &, =18 900+ 4.227 (+3 000) (cal mol-1)
e (7))
CO(g) =C(8) +1/20,(g) ~wr-rrmrrmmrmeceees (8)
4GS, =27 340+ 20.507 (+ 100) (cal mol-1)

(3)KoEEHH=3 ¥ —-F(t 4Gy i,

462, =46 240—37.16T (cal mol-1)
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Qgoro=exp[23271/T —18.72] )
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% 3~5 g DA & VIRICEMBETY Lict, ST v 3
FHAD ECBAZERELAWT—HTOBMRL, T2
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A5 78 1:10 0E&ETREL, Z ORF 7% EiEH
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27T 1:1~1:10 CHFRLCHH 27 = 2RmELTHE
L7,
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WEOFE LS5 L. ek CO #ARMROSEME
T
2:3 RBRAHZE

W7 (Cr) o2 S 7% 0.8g B85 DX I A
h, AAF—-LIHonUDRABLTHAFRICEA
+%. FR%Y Ar TEBRLAH, Ar 2 COTERT
%. ey 0.31/min » CO ZHiL2>Si. 20

DIF-A 5 SRECAE L7 e 2RI FAT € ¥
K794 vy —CEerchl h%ed. Kk, BROR,
DD 5 THFELT, (Cr) HFkiTy, ERETERO
(Cr) BEZ{ERDL. HFkE LTk, (G) ©ow
T, V7 ==nh a0 FIbEEYR, Mogsicown
Tix JIS EREEE R Hv T,

g EOF%R Table 1 iR L. @i (Cr) BE
IEEEL L CPEECE d D —EECE L, F
BELLTF O 0L T Wi, A5 7 No. SO
fiivy 129 ppm, No.8 Dz hix 165ppm & H[Hr L7z,
SUIRBENUEMED 1%, Tickhb +2ppm HIET
hoobrELhE, TOBERIEYTHHLEEL DR
B, BAT SRoNNT 5~20 B, EHEOSERYIEDE
L, FEfExRDI.

3. R B B R

3.1 Ca0-Al,0,-Si0, =% % (1500°C)

Fhg s m LPE (Cr)eq HRDIFERSY Fig. 2 R
F. (%S10,) =30~50, (%Al0;) <30, OFIKTIIL,
(Cr)eq 11 (BALOs) OFEEZTT, Fi© (%510
DL L DTS, (%Si0,) =50 wic s &, (%ALO,)
DEBEHHED, AL (%S0, thiE, (%AlL0;) @
B (Cr)eq 1IZ{EL 722 X 5170 %.

Table 1. An example of determining the equilibrium
concentration of chromium (ppm).

Slag No. 5 Slag No. 8

Initial (ppm) Final (ppm) Initial (ppm) Final (ppm)
300———144 300 ——————167
200 ————130 200——————165
150————129 135—————135
102————104 104 —— ———107
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Fig. 2. Contour lines of the equilibrium chromium
content, (Cr)eq, (ppm) in CaO-Al,0,-SiO, melts
(1500°C).

200 CGO—A|203—Si02
0(A|203)=10M°/o
e ibid =20 wt%|
1600°C
100 ‘ //
o)
0
30 40 50 60 (SiOz)wt“/u

Fig. 3. Effect of (S8i0,) on (Cr)eq at constant
(Al,O4) contents (1 500°C).

T
(Cr)ppm

o Ca0-A,0,-Si0, | 1500°C
Ca0/AL,0,=1.22
{wt°% base )

40

L ; <
1 Solid :/

0 10 20 30

40
(Si0)wt%

Fig. 4. Effect of (SiO;) on (Cr)eq at constant

Ca0/ALO, (=1.22).

3:-1-1 (Si0y) %

(%A10O;) =10, 20, L—EL LicBAD (Cr)eq O
(%510;) tkfFtE% Fig. 3 R L. Z OFEHRTIL(%
Si0,) DOREIIZFEDT(Cr) oq XML TE D, (%Si0;)
=30 D& % (Cr)eq=30ppm, (%Si0,)=65 D+ X
12 (Cr)eq=200ppm THH, FEHEEIL7 = v 7 v £5l
EREDA T VR 7 v AYSEE X BB L CIERICEE

TH5b.

Fig. 4 w (%Ca0)/(%AL,0,) =1.22 r—Fr L,
(%68510,) =0~45 L L E @7 & D (Cr)eq 5% L
fo. EFpDos y FE0E, 1500°C TR 8% T 5
B. (%S10,) =0 2 BMIN LT < &, BRI
B ETIE (%S0,;) ook & S (Cr)eq XA LT
Wb BEEBREHRTSE, DFh (%510,)=30 ik 3
LT (%Si0;) o (Cr)eq 1B I L T W
5.

3:1.2  (ALO,) oy

Fig. 5 1t (%Ca0)/(%5i0,) #—F & L - %4 ©
(% ALO;) & (Cr)eq DBIFREE T L. WFho (CaO)
/(5i0y) HDBAR S (%ALO) DHINE & H1c (Cr) oq
A LT 5,

3.2 CaO-MgO-ALO,-Si0, fI5T% (1500°C)

LERMETRRER O (%ALO;) 2—E & LW
BT BE (Cr)qq #% Fig. 6,7,8 R L.

(% A1LO;) =10 DUEHHET % &, CaO-AlO,-
Si0, =30k EFARIC (%810, D#IME & Hic (Cr)oq
ML TwA. i (%S5i0,) <60 T, (%/MgO)<

(Cr)ppm CGO—A|203 - SiOz 1500°C

300 @ Ca0/ Si0,= 061 W% base)
& ibid = 1.05

200 ® ibid = 1.35

100
T T ;‘&Qﬂ_

0 - i
0 10 20 30 (A1,05) Wt%

Fig. 5. Effect of (Al,O;) on (Cr)., at constant
Ca0/8i0,.

SiOx{wt %)

\VAVAVAN

20 30 4 50 60 70 80 Mg
(Wi %)

Fig. 6. Contour lines of (Cr).q in CaO-MgO-
Al,O3-5i0, melts (1 500°C).
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SiQ, (wt %)

60

\J \/\/
A/\/(A!O) 20 wwo\A/\
/ \A/\/\/\/\/\/\

Ca0 10 20 40 50 70 MgO

fwt %) (W)
Fig. 7. Contour lines of (Cr)gq in CaO-MgO-
Al,03-810, melts (1 500°C).

Si0; (wto)

30
20
60 / 10
Ca0 10 20 30 40 SO 60 MgO
(wt°h) (wt®%o)

Fig. 8. Contour lines of (Cr)eq in CaO-MgO-
Al,04-510, melts (1 500°C).

T T T T T
{Cr)ppm CClO-MgO-Aleg -Si0y  1500°C.

1501 ’ | (ALO,)=10wt %
100 g=—o— %(Ga0)+(MgOl=30wt'%
ibid  =40wt
50 oibid =50Wt%

0 10 20 3|o 40
(Ca0) © (MgO) wt

Fig. 9. Effect of the replacement of (CaO) by (MgO)
on (Cr).q at constant (%A1,04) (=10), and (SiO,).

20 ThHBH X nERTIE (%C0) & (%MgO) &
(Cr)oq R LTCEfliTHS. (Fig. 9)

(% ALOy) =20 DFHIC D (%Si0z) OBIMTLELS,
244 LTIE (Cr)eq RWMOMEFRICH 5. L2 L
(MgO) D83 (%AL0;) =10 DHELITRLDOT
Wh. (CaO) % (MgO) TEH#E L THT < & (Cr)eg
3, HAMECEEML, TORETTS. (Fig. 10)

(% ALO;) =30 DL, EBRENVDInh, RO L

] | | |
(CHppm CIGO—M O—Al203 -SiOZ 1500°C
| 1
200 AR03)=20 Wt
150 ;
! » (Ca0)+(Mg0)=30wt%
100 o ibid  =40wi%
50 / e ibid  =50wt%
0
10 20 30 40
(Ca0) (Mg0) wt %%,

Fig. 10. Effect of the replacemeot of (CaO) by (MgO)
on (Cr)eq at constant (%Al,04) (=20), and (SiO,).

SiO2 (wt %)

10 80
20 70
30 60

40 “300 ” 300’ S0
300 301 304
50 ® o0 0 :/6\40
.
I AVAVAVAVAVAVI

N A A N ANANAGY
80, (Ca0)=10wth 1650°C -\ 10
VARV VAV

Mgo 10 20 30 40 SO 60 70 80ALQ,
(wt %) (wt°/a)

Fig. 11. Equilibrium concentrations of Cr in CaO-
MgO-ALO;-Si0, melts (1 650°C).

ME2 X 5. (MgO) 0 (Cr)eq KT % FE W,
(%ALOg) =20 D& L hAkEL D, (%510:) Ak
X\, FoEELAX. (%510, 23FE Uik bid,
(%MgO) oiEimceEys, (Cr)eq XHEMT 5. T/
(%MgO) HE—7eb, (%Si0;) D ER L & B (Cr)eq
LB LT 3B,

3.3 Ca0-MgO-ALO,-Si0, [Tt % (1650°C)

BRE7 = v 7 v 2BLEROERNLAS 7RELT
(%Ca0)=10 —FL L, ( %Mg0), (%ALOy), (%

Si0,) E AL a4, 1650°C THEEFXvi. FHREY
Fig. 11 i L, (%510, =40 L—%Erl, (MgO)

E (ALOy) #BULTH (Cr)eq RiZEA EEILE
3 # 30ppm THBH. LhL (%5i0,)=35 3%
EREBREREL LT 5%.
CHODEBRIIKEORRE 7 = 7 7 v 2BLERKO A
S FRBELEVDDTHEL, ThbDAS FERER
T4 hiE, 30ppm(Cr) ¥ TRILAFETHS Z LR
LTuw%. ChaBEEHEhTWbA5 74 (Cr) &
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CaO- AlO, 5-Si0,

1500°C
2.5 .

0 05
LOG (Ca0-AIO, ,)/Si,

(molar base )

Fig. 12. Relation between yc;o and molar (CaO -+
Alol 5) /S102

FE 2~3% DI EAEDEIRTRETH D = & %7 LT
5.

4. E 5

41 CrO DERFEH

(ANKEH 2 X 5| E % thotuf oo 1LHRET

%. 1500°C w1

Gcro=3.79% 10-3

7oro=1/Ng,0x3.79x 10-3 e (12)

1650°C ¢z

Qcro=1-34%10-3

Tero=1/Ngrox 1.34x 10-3 s (13)
LB, T =y AR OLT 1L, AlOL; & L
TENGEEFF LS

F Toro ML, BT EEEAES (Cr)eq $2EF—
Kig%H DT, ZZTIliEr3 5. CaO-ALO,-SI0, Bic
PULTL, Tero % {(Ca0) + (A10,.5)}/(Si0,) (#h
ThEVHE) TEE L AKESSDRERN /&R
B (Fig. 12)

RaNKIN LY IEKIE C' 4% Croo % CaO-
ALOs-8i0; RTRD T3, HHDER L KAERER
REEFR TAVEDS T B, T, BHLOERS
Hs Po,=10-2(atm) BET, EEEMTIZ /i h ©

PP CoBg, 1e%iz ol v U, EEEMR C20.01756~0.01732
EAELD, MRERFEIZSE D00, LENOTESE LCR
Nero=(ppm Cr)x1.11x10-6
EBOTHRXZEEIHAV. 7217 LT ORSE Gt BZIc &R
BDENGREHEL T, rero 2RDTU3S.

Cr3* 2 E8LkdéELLRE. Fi- Crero kD3
BE, DR 7 e aRlE (10wty) ¥ T reo A0
—EELTWD., CZRLEEDOERISLBIESS.
42 A5/ 0LDEERE

Fig. 4 wiRT X5, BEEATRBEERST S 5
(5i02) DIIICHEDT (Cr)gq MRHEIML TV B2, 5
BER TR (S10;) DEINE &b (Cr)eq 13D LT
Wh. ZOMREY, ARDOX 5, FETE 2 = a1
NT2HTH 3 EEX = bT, UTFCE-CRDT 2
T B,

7 v ADFEHBE LT, Crr OB 1+ v,
CrOz2 ™" DA+ VB Ex bh b, T Zh o
BT P HBfR A R &

Cr2+ +02- 45/3CG=1/3CryCy+ CO- - .. (14)
CrOz -0~ 4+5/3C=1/3CryCy+ (n—1) O2-
FCO coveeriiiiniinn, - (15)
DR TEEIRS. (14)250;1,7‘_#1@: Bt Bsy DY
iz O DAy (Cr) L, (15)%
X, MBS ORI X b, (Cr) ka4
H. Lich>T Fig. 4 @ksiF s (Cr)yq DMK
Y, EEEMATE CrO20 -0 DX skt v
EO0RRELT, EIEEMTIE Cr* X 5BA4+ v
EOREELTHEETSETS Cr 44 vORMNNE
THBEIh S,
43 Ca0-ALO;-Si0, Z(ZH(735 CrO OEMFEL
EDEBRELYOZRFHMOLE

FEL” 12, TiC & Ti BbpoFEec TiO,,
2T, Fig. 13 WiRT X 51 710y ZRDB TS,
TOAZ BB T Tix, Tt OBBTEEL
T BH T EBRLA. roro BOWTYE (Si0;) DE§H
&ELT Fig. 4 @WRLED, oo & 7rioy.s &FKE
(Si0;) KW THRBIRTH S. LB DFEDOA S
7R ADHEIL, TDREAEMN Ci2t OB A+ v
ThhH.

ERLROFAEHEYERBCANRT, KB{tHE A+ v

(1 ¥ri0,5)"° ”
031 Ca0-Al,04-Si0,(lto etal)

o(ALOS) = 10w %
0.2+ oibid = 20wt

o1} 1500°C

0’0 3 1 1 1
30 40 50 60

70
(Si02 )wt %

Fig. 13. Relation between 7%i0,.; and (8i0), in
Ca0-AlL0,-5i0, melts.
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= T T l ]
Yero \ Ca0-Al,0; -Si0, 1500°C
100 i o(ALO3)=10 wt %

'\- ibid =20wt%
o |
50
1
|

~

o L
30 40 50 60

(S|02) wt %%

Fig. 14. Activity coefficients shown as a function of
(%Si0y).

30 40 50 60 (Si02) wth
iy k . r :
(77cr0) 'Ca0-A,03-Si0;

006} .
0.04t e
0.02 T P
0.00 : 4

0.0 0.1 0.2 03

(ll)"riow)y3

Fig. 15. Relation between 1/ycro and (1/7rio,.,) %3

(1 Ycro)
006

CaO-A1203-3i02 (A|203)= 10wt
Yero (Present study,1500°C)
0.04 | YMnO (Abraham EtQF.)16_50°C)

0.02F
0-00 1 1 1 L
0.0 1.0 20 3.0 4.0

_ (1/Yuno )
Fig. 16. Relation between l/rcro and 1/rihe-

RTETE,
CrO=Cr2* 4+ 02~ e icoiiiiiiiiniiiniiieen (16)
TiO, s=Tid* +3/202 coreerveriereieeanenee (17)
ERABERC XY
Tcro=rCr2*'dOz- (18)
7Ti01_5=7Ti,+,ag22_ B e 1))

Ti %, CGROFAELREOER LAV 2HBOAT 7

ELBHE, (18), (19K b Gor-%HELT
1 (TTiav)2/3 1
- . e (2
Tcro Tcres (Trio,.5)%? (20)

L. L2 T Ylcwo & (1/Trio.)¥* 7w,
b L7 Fig. 15 iwksid 5 EEH 1L, (Tri3)23/Ter 3
—FTHHIEHRRLTNS.

ABRAHAM BT 7ypno XRDTBH, Ti LA
3 hud Fig. 16 X512 Vicro & V/ruro i
EARBERY BAL LT 5. L 2T raiot-ss 7Moo
DWW T (SiO;) AL TR T, b oh b
DB LY H ERAIZE B S LT\ 5884, Fig. 15, Fig.
16 DHEOMER T & 2T, LNTFOBGEI BT 5.

TT102-5=4.9><1()—2.(ycm)z/s.....................(21)
TMn0="5.9X 1073.7gg +roreeereereeremenneamnens (22)
ChHhLDOBARE LY, RAERERLD rrio, 7uno

HFHETHZELAETH 5.
5. & iR

AEETIE CaO-Mg0O-Al,03-Si0,-CrO % x5 7 &
Bk CrC; 2 EE IR, FHg7 v 28K (Cr)gq %R
Bl PRI '

(CrO) +5/3C=1/3Cr,C,+CO
TR E M, Qor,0,=1s Gc=1, Pgo=1atm, {EEE 1500°C,
1650°C TR FER LI, £ DR (Cr)yq 13 3~200
fepm FIEEWR/PNEL, AFIHrr akRETETT
HE, BIFTNTOZ e aPRBTLERTLE S Z %R
L.

(Cr)oq MO & LTRDLT O & B,

(1) CaO-ALO;-Si0, =FRICTIHTiL, (%Si0;,)
=30 OEFEL LT CrO RXM%EE» 5. 2 F0b
(25810,) >30 DEIRTIZ (S10;) DBINTHEL (Cr) og
ML, (%Si0.) <30 TRHOEAEERT.

(2) Ca0-ALO;-SiO, %Tiz, AL (%Si0y) 7 b
W, (%ALO;) OFE W DR E (Cr)eq EL.

(3) CaO-MgO-Al,0;-5i0, HEHEDHEE (CaO)
% (MgO) TE#LTITL L, (BALO;) =10 D4
12 (Cr)eq 122 & A EEL Ui (% ALO;) =20, 30
D (Cr)eq XHINL, (AlLOs) HE\ T E X DZHE
Bk Ev, FR(%Ca0)  0LLTFimT 5 &, (%ALOy)
D AEMEPT (Cr)eq DEEATS.

(4) 1650°C T (%CaO)=10, (%Si0;) =40 + L
MgO) & (ALG;) #B#LTIT2TH (Cr)eq 1249

. 30 ppm CEALA T2t BRE7 v 2 v allE D

Ba, hieh 7 e AR T SEBRET DO, BN
ERDUACIDLDEEL BRA.

AP EIT O hich BREHEX WIIEEELL,
M TEMERAEAEEFCEH LTS, 4, W
P (HASAE) i, LiELERwmegmL Ty
FefEE FE Ui, RKHRO—HTH NI U TN ICEIR
FEFK (Bl RS LEd. RIEBCEPIUL,
Mg 53, 54 £, XHREBTEUVREERZE, BEHRE
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766 % &

% 68 4 (1982) 557 =

B XOREM 534 FEAIARSMBESER, REAWEDES
T Xy ro—F{rafThhics L& MAEv-LET.

Appendix X545 0ADFEIZDNT

7w AIBR TR THHID, BERT Vv LIS
CT Cro* vy Crt ¥ COMEING. 7= a%dly
WOMPFIRBIR & TIEA 5 7ic Crs* RBRBd LD & &
MHBY. DX IHBETER, WS %
LISt ClIBM b SEES TH BB b Cr* oBMLiyniE b
RETHD. EORBEXRT v 2 A% T, BRE
EHTFTHBREC TS L 2{iD 7 v a3 F T 72 5.
KOreer? 5% SiO, FEROEMNTE 7 » 68kl A5
T EML (FeO) R+HEFHhERS 74 £ h %
Cr LAY 2{liTH B & &L HALESPIT L DEEE M
LTS, i McCovy L2 4 [REMANY 7 » 28
LAT IR EMUARROMMKTAS 79 Cr 23 2{fj¢
HHZERRLTWD, ThbDERBORE K4 F i1
10-55~10-%atm THO7 L WE IR B. Xbik Ro-
BISON 513 Fe-Si-Cr &&t#FT 22 5 7 i N
(FeO) 7% 0.5% LIFOHEIRZEA LD (Cr) 12
fliThsE ExRLic. 20L& EOBEENSFELH S FU
LT 10-"*atm ThH%H. ABFHETIL 1500°C % Flic2g
W%& ag=1, Pcg=1atm b Pg,=2.5x10-18 atm
Thd. ZOBRECHESECIILUECHMENSR S 7
th Cr OFEHRBIL O BEEHTHL E EZ 2 b h
5.
BNFERCERL TR LS., 2{fiE 3liD 27 = 2558
FELICE SRR KT 2 PEBEMRIZKOR TR X h
5.

1/2Cr,O;+ 13/6C=1/3CryC, +3/2CO - A-(1)

CrO+5/3C=1/3CryCy+ CO ---vrovverenen A (2)
o THEBEM, Acrc,=1, Gg=1, Pgo=1atm, 1500

°C EEBL, ThZhobEWOEMEERE =1
S X RN
acmos=3-92>< 10-16 ool A_.(3)
Bcro=3.79% 103 «-oeoveiiiiiiiiii i A (1)

“fB. A7 Cr OFEEFHREICOWTO H 4% i3 &
WAL FINN B DRERY LU0 GOy OBME™ 22 b
Ter0s=1~30 LHEFE I RS . Licd2TH LS {D 7 v
LADFEETEBELTHEALHET 10-15~10-16 L F
Bah, 207 = s OFRAEABIRC XL (102
BE) RWR0IX, BETBZ r a3 A LI2 20
IR ATHDEELLRS.
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