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ABSTRACT The viscosity of solid-containing slags can be calculated using the Roscoe equation combined with the calculation func-
tions of multi-component & multi-phase equilibria and pure-liquid slag’ s viscosity in FactSage software. An FeO-Si0,~Fe,0,~CaO-
Al,0,-MgO system used in copper smelting was studied in this paper. Firstly, the parameters of the Roscoe equation were fitted using
the measured viscosities of analogous slag in the literature, and the accuracy of viscosity calculated by the method for this slag system
was verified additionally. Then, the effect of slag components’ contents on the equilibrium phase-composition and viscosity was inves-
tigated based on the calculation model. Accordingly, the reasonable proportions of components in the slag were obtained. When the
mass fractions of slag components are FeO 40% ~60% , SiO, 25% ~40% , Fe;0,0% ~15% , CaO 0% ~10% , Al,0,0% ~8% ,
and MgO 0% ~4% , the molten slag with good liquidity and fewer solids can be obtained in the smelting process.
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Table 1 Recommend values for the partial molar volume of various slag

components at 1230 C
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Table 2 Initial mass fraction of various components in the slag system
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Fig.1 Comparison of the measured and calculated values for the vis-

cosity of multi-slag systems
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Fig.2 Comparisons of the calculated and measured values for the

viscosity of the FeO-Si0,-Fe;0,~CaO system containing solid phase
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Fig.5 Effect of Fe; O, content on the volume fraction of solids and

the viscosity

ERGRA BT — MBIk CaO FIIMA e R &
AR IR Eh 5 h 12 Y e 2R, DR T 2 ol 0 2 R AR 3 Sl A
WFFEHR CaO 52 A 5 /IN Y S IR AT RE SR AR i 28 AR B 1Y) ik
JERL Ay | T B SR A A T i, T CaO) A A s
YRS ALY AT S ARAE IO 28 [ B/, AR B, 2 4k 23
I CaO AYF i 7 Z v HE SRR S A [ A 286 2 3
T

20 0.5
] &
REHA 404
& b5r —o— F¥
@ 40.3 &5
B =
210 B
g 102 &
_E
i)

w
T

1% 7| 47 A 4 4 0
0 2 4 6 8 10 12
CaO¥ L8253 50 %

Bl 6 CaO & X4 1 R [ AR PR AR 43 BORN 6 BE (1 52 1)
Fig. 6 Effect of CaO content on the volume fraction of solids and the

viscosity

AL O, F MgO 5 2 XeJ [ AH A 53 BRI Z JE (1) 5% 1]
SrRlanE 7 FE 8 . 24 AL O, BB /B 0% ~
49 [ Bl 9 3G KB IR R B NS A TE . H Y
AL O, & 5 gk 2 38 hn ik, 5 b JT 4R AR B4R d A A
(Fe, 0, FI/D 1) FeAl,0, ) , 1A Z B B Tt 1) fa H Al B
T . PR, SR B0 R BRI | A S 5 ) 4 T AR
ZRLPEH] AL O, B S A7E 8% LA, 4 MgO Jfi
IYEUTE 0% ~ 4% NS PRI, 8 Hp 81 04 2 A A1G, HE %
JERH MgO 5 i 1R fE AR /. A 24 MgO 5 2 4k £ 3
T A Z T I B Kk RO A R DA R D i R
A A1 EAH B R B . T LU B i
MgO [ 43 50N 8% i), HiBh B wl w13k 3.5 Pa-s.
I, fids v MgO X416 ik B A g AN ¥ A



.52 -

TR, 5 39 46,55 1 1)

WA R MgO 5 AN R it 6% , 1 It 2 PR
VR S R R AR HEAT Y X S AR ST A
WA —EU).
20 05
ey
15k —o— I 104
403

/(Pa-s)

FFHIR ARG 40 %
=

@
o
3 oo - 1o
. m % .
0 2 4 6 8 10 12
ALO, M 5%
B 7 Al Oy 75t 4 v e e AR AR B S SO 286 13 1 5% T

Fig.7 Effect of Al,O; content on the volume fraction of solids and

the viscosity

£ LTI  RE A FE O 5 6 o R A
SR it A AL Y R B R AR FeO 40% ~

30 _ A

sl s .
o Ribh _ 15
S o Bk
20} -
XZ 5r 12 =
£ B
Z 10 d &
= 11

o ]
2 mmlml%

MgOf iR 5%
0 B V3 R A AR 43 BRI 26 2 A

Fig.8 Effect of MgO content on the volume fraction of solids and the

E8 MgO &

viscosity

60% .Si0, 25% ~40% Fe,0, 0% ~15% ,Ca0 0% ~
10% AL,0, 0% ~8% Fl MgO 0% ~ 4% I}, 7] 7516 it
FErh e B s AL R R B> I . A,
IO A 14 S TR 5 2 317 IR I BA 46 K 4 4
TR T R s 21 53 A A R AR A

R3SFEA MR T2 IR T2 R (i 4 A
Table 3 Chemical composition of typical slags in various copper smelting technologies %
T2 FeO Fe; 0, Si0, Al, O, Ca0 MgO
=1 37.29 — 38.00 7.50 11. 00 0.74
RIBER N E (RFEL) 57.09 11. 80 26. 60 — — —
BACRE N (F0k) 56. 65 — 29.70 7.80 0. 60 —
FE B 2y )R A 56.57 10. 80 33.00 4.72 1.73 1.61
ERLY 5N 51.43 15.00 25.10 5.00 1.50 1.50
FLARE R 51.43 5.00 34.00 4.20 2.60 1.40
H AL R 45.00 3.15 35.00 3.80 8.00 1. 40
TR BURRE R 55.29 20. 00 26. 50 — — —
R 47.07 6.55 31.48 3. 64 4.37 1.98
BRI S R 43.71 7.50 31.00 7.50 5.00 —
=R 49.11 — 32.20 2.90 5.90 —
(4) 34 AL O, Fl MgO 5T 43 B0 i 4% | {Mﬂﬁz\
3 &g

(1) FETF Roscoe J7 2 1) T [ AH 4 1 25 HE 1 H 55
515 AT A Ay VRS b TN e 15 R T )

(2) TE1230 CHMT SR HRE R EERE FeO &
S (14 T I RREAR ;24 SiO, BT BUIR T 25% o T
40% I}, 1A PR 23t B K S 9 [ AR ) 5, A 4 e 286
AR THE.

(3) Fe, O, FEH TR AT {44 22 66 B W TR AIG
(B AR5 Y e e ) ik AR, PRI T A B L, [ 44T
SO HE DATI e 285 188 DR 55 5 CaO )55 HE X AS AR 2R
R AN K.

SR A A A B AR Ay T A R 2R A 0 B 2
T

(5) ¥t v 4% 20 53 1 T 6 43 80K FeO 40%
~60% Si0, 25% ~40% Fe,0,0% ~15% .Ca0 0% ~
10% \ALLO, 0% ~8% Fll MgO 0% ~4% B, o] 7E 416 1
T AR A B S AT | A SRR D R

2 % X #

[1] ZhuZ Z, He J Q. Modern Copper Metallurgy. Beijing: Science
Press, 2003
CRALEE, BUR5T. BUURIGR 4. dbat. BeflRet, 2003)

[2] Liu C P. Physical Chemistry of Copper Metallurgy. Shanghai:



J&

iiin

JIAE 5 ARG I A R R T R ]

-53.

(3]

[4]

(5]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

Shanghai Science and Technology Press, 1990
(XIZEMS. 6 &b 108, 1 RFR AR B AL,
1990)
Shiraishi Y, Ikeda Y, Tamura A, et al. On the viscosity and den-
sity of the molten FeO-Si0, system. Trans Jpn Inst Met, 1978,
19(5) : 264
Chen M, Raghunath S, Zhao B J. Viscosity measurements of
“Fe0”-8i0, slag in equilibrium with metallic Fe. Metall Mater
Trans B, 2013, 44(3) . 506
Kucharski M, Stubina N M, Toguri J M. Viscosity measurements
of molten Fe-0-Si0,, Fe-0-Ca0-Si0, , and Fe-0-MgO-SiO,
slags. Can Metall Q, 1989, 28(1) .7
JiFZ, DuS C, Seetharaman S. Experimental studies of the vis-
cosities in the CaO- Fe, O- SiO, slags. Metall Mater Trans B,
1997, 28(5) : 827
Chen M, Raghunath S, Zhao B J. Viscosity of SiO,— “FeO” -
Al,O; system in equilibrium with metallic Fe. Metall Mater Trans
B, 2013, 44(4) . 820
Seok S H, Jung S M, Lee Y S, et al. Viscosity of highly basic
slags. ISI] Int, 2007, 47(8) : 1090
Jeffrey D J, Acrivos A. The rheological properties of suspensions
of rigid particles. AIChE J, 1976, 22(3) . 417
Roscoe R. The viscosity of suspensions of rigid spheres. Br J
Appl Phys, 1952, 3(8) : 267
Wright S, Zhang L, Sun SY, et al. Viscosities of calcium ferrite
slags and calcium alumino-silicate slags containing spinel parti-
cles. J Non Cryst Solids, 2001, 282(1) . 15
Wright S, Zhang L, Sun S'Y, et al. Viscosity of a CaO—MgO—
Al,0;- SiO, melt containing spinel particles at 1646K. Mezall
Mater Trans B, 2000, 31(1): 97
Kondratiev A, Jak E. Modeling of viscosities of the partly crystal-
lized slags in the Al, O3~ CaO- “FeO” - SiO, system. Mezall
Mater Trans B, 2001, 32(6) . 1027

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Kondratiev A, Jak E. Predicting coal ash slag flow characteristics
(viscosity model for the Al, O;— CaO- ‘ FeO’ - SiO, system ).
Fuel, 2001, 80(14) . 1989

Bale C W, Chartrand P, Degterov S A, et al. FactSage thermo-
chemical software and databases. Calphad, 2002, 26(2) : 189

Cao Z M, Song X Y, Qiao Z Y. Thermodynamic simulation soft-
ware FactSage and its application. Chin J Rare Met, 2008, 32
(2):216

(B, Riveth, 7208, P28 FactSage
L HBH. Fifi42)E, 2008, 32(2) : 216)

Keene B J, Mills K C. Densities of Molten Slags ( Chapter 8) ,
Slag Atlas. Dusseldorf: Verlag Stahl-Eisen, 1995

Pelton A D, Chartrand P. The modified quasi-chemical model:
Part II. Multicomponent solutions. Metall Mater Trans A, 2001,
32(6): 1355

Seetharaman S, Mukai K,Du S C. Viscosities of slags: an over-
view // VII International Conference on Molten Slags Fluxes and
Salts. The South African Institute of Mining and Metallurgy,
2004

Seki K, Oeters F. Viscosity measurements on liquid slags in the
system CaO—FeO-Fe,05-Si0,. Trans Iron Steel Inst Jpn, 1984,
24(6) ; 445

Zhang H W, Sun F, Shi X Y, et al. The viscous and conductivi-
ty behavior of melts containing iron oxide in the FeO,— Si0,~ CaO-
Cu, O system for copper smelting slags. Metall Mater Trans B,
2012, 43(5) : 1046

Peng R Q. Copper Metallurgy. Changsha; Central South Univer-
sity Press, 2004

(GEEMK. Wma. KU hRRkeEditt, 2004)

Mackey P J. The physical chemistry of copper smelting slags: a
review. Can Metall Q, 1982, 21(3) . 221

Higgins R, Jones T J B. Viscosity characteristics of Rhodesian
copper smelting slags. Bull Inst Min Metall, 1963, 72 . 825



