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ABSTRACT: The knowledge of Cu-Fe-O diagram and its relationship with the SO, is
important in many copper industrial slags. In this paper are presented part of the phase
equilibrium of the Cu,O0-+eOx—SiO, system at 1250C and 1300€C, starting from the
modifications on the Cu—Fe-O ternary by the presence of SiO,. Several equilibrium studies
were realised for the slag/copper system under neutral atmosphere for different Cu/Fe ratios
and a constant SIO, content. The representation of this equilibrium line was done showing the
oxygen content versus a = %Fe/(%Fet%Cu) in the dag, for each SO, content. From the
experimental data the calculation of the activities of Cu,O in the melt was done.

Introduction

In the pyrometallurgical processes, the knowledge of the physico chemical properties of the
phases (metals, mattes and slags) are critical to operate and optimise a particular process or
reactor. In spite of many decades of development of new or improved metallurgical processes,
still exists many gaps on the knowledge of several important metallurgical systems, both on
the transport properties and in the phases diagram. In this paper are presented some
experimental results obtained for the ternary phases diagram Cu,O-FeO-SiO, between 1250-
1300<€.

The system Cu,O-FeO,-SIO, is located in the base of the quinary system
Cu-Fe-O-S-Si-(SI0O,), system that defines in a broad sense the differents process used in the
smelting-converting-fire refining ore sulphides copper metallurgy. The ternary system that
best represents the slag produced in the steps of smelting-converting is the Cu,O-FeO4-SiO,
one. This system als represents the conditions prevailing in some of the slag cleaning
processes, continuous smelting-converting and oxidising roasting - smelting reduction of
calcines. The system can be defined as a simple quaternary system: Cu-Fe-O-Si. In this paper
are given the results obtained on the influence of the silica in the ternary Cu-Fe-O at 1250-
1300€, as an approximation to the ternary Cu,O-FeO«-SiO,. This representation has the

advantage to show the equilibrium metal (¢1) / dlag (¢2) which is not possible to obtain in the
Cu,0-FeOy-SiO;, diagram.

Cu,0-FeOy-SI0, system
There is not much information on the literature on the system Cu,O-FeOy-SiO,. The binary

Cu,0O-SIO; presents an eutectic at the Cu,O corner with a considerable dispersion regarding
the eutectic temperature measured that ranges from de 1050 T® to 1152 TY. The eutectic



composition is not well defined either, with values from 6.9%"%, 7.796" y 8%3 as wt% of
SiO,. The binary FeO-SiOY is well defined due to his relation with the iron and steel
industry. With respect to the binary Cu,O-FeQO, it does not exists due to the "autor éuction”
reaction that occurs at temperature above the melting points of Cu,O and FeO:

Cu0 + 2FeO = 2Cu + Fe;03 DG°=-5.676 kJat 1300C.
Cu,0 + 3FeO = 2Cu + Fe304 DG°=-13.079 kJ at 1300C.

This reaction has been not study and there is only one paper[S] that mentions the possible
production of metals by reduction with FeO.

With respect to the metal phase of interest, the Cu-Fe system is well defined and permit a
precise quantitative description of the thermodynamics properties of both the solid and liquid
solutions. For the liquid, there is agreement between several authors for the activity
coefficient and the heat of mixing. The value of DG™® at infinite dilution of 36 215 Jmol at
1300C was determined by Hultgren et a.l”? and is widely used in the literature as by
Kubachewsky & Alcock!®. This value is in agreement with others determined by several
researchers, which gives a value for g for theiron in copper at 1300C of 16. The dissolution
of iron in copper can reaches up to 4wt% at the melting point and 10wt% at 1300C!. For the
binary Cu-O, the work of Schmid® is useful for the determination of the equilibrium
conditions for the metal phase, starting from the oxygen potential isobars. Finally, the binary
Fe-O isvery well known, for example, in the work of Muan & Osborn'Y.

The ternary Cu-Fe-O is the base for this study. Although this system is of relevance in the
copper metallurgy, there is not much studies done on it. Probable the best study due to the
broad scope of it is the one done by A. Luraschi y F. Elliot!*¥ who made a complete review of
the Cu-Fe-S-O-Si(O,) system. Their analysis of the Cu-Fe-O was the basis for several studies
done by Acu @™ y Espinel!* who studied the system for differents oxygen potentials and
temperatures, particularly those regarding the fire refining conditions. Their studies permitted
to validate some areas of this ternary proposed by Luraschi and Elliot, particularly the precise

definition of the limits of the Cu(/1)-dlag(/») system. Their studies also permitted to calculate

the activities in the ternary for both the metal phase (/1) and the slag phase (/2). The
experimental determination at 1300 is shown in Figure 1.

Other study by Oishi et al!*® determined this system at 1500C (Figure 2.). It can be observed
the influence of temperature on the evolution of the liquidus line in biphase area /1//, in
Figure 2 respect to Figure 1 at 1300C. A temperature increase trang ate the liquidus line over
the CuxFesxO4 spinel phase, reaching a composition close to FeO. Preliminary analysis usin
the data obtained in the smelting reduction of Cu,O at 126021300 done by Parra et al.[°
permits to assume a similar effect regarding the increase of this bifasic area by the silica
addition. This assumption also can be drawn from the anaysis of the Cu,0O-SiO, and FeO-
SiO, binaries since the silica forms eutectics in both systems.

Basisfor the study.

As it was mentioned, the system Cu,O-FeO4-SIO, can be studied by adding silica to the
ternary Cu-Fe-O to study the evolution of the liquidus at equilibrium conditions, which
permits to know the slag phase (/2) and the metal phase (Klz. The modification of other
equilibrium areas proposed by Luraschi and Elliot *¥, Acu @' y Espinel!™ for the trifasic



equilibrium /1-/2-spinel, ¢;-spinel-FeO, /1-FeO-Fe(g) and the bifasic equilibrium can be
evaluated by using these proposed diagram and considering that the addition of silica
modifies the activities of the differents compounds presents. To quantify this effect it was
traced the liquidus of the /,/¢; equilibrium for the Cu-Fe-O system adding SiO, as and
external additional parameter.

The basis for this representation is the Gibbs Phase Rule that states that the degrees of
freedom (F) of asystemisgiven by:

F=C-P+2
Where C is the number of components and P the number of phases.

By fixing the temperature and the total pressure, the number of phases required is three to
have an invariant condition. The addition of a new component then can represents the
formation of a new phase, according to:

F=C-P+2(T,P) +1(%SiO,)

If the experimental conditions are chosen in aform to avoid the formation of a new phase, the
additional degree of freedom obtained can be associated to an external variable, therefore, it is
possible to study the ternary system Cu,O-FeOy-SiO; starting from the ternary Cu-Fe-O under
a constant content of silica. This assumption is based on the hypothesis that the silica does not
interact with the melt forming others compounds that can precipitate.

The selection of the required composition was done in order to avoid the saturation conditions
for SIO,. Since there is not previous experimental evidence for this conditions, to verify this
aspects after each test, the samples were studied by means of micrographic analysis and by
microprobe.

Experimental Study

The experimental study was done by establishing the ¢1//, equilibrium in alumina crucibles at
1250 and 1300C. The samples were prepared with a fixed ratio Cu/Fe using Pro Analysis
products (Fe;O3, CuO, Cu,O y Fe). As initial composition they were used conditions similar
to those of the ¢4/¢, equilibrium used by Espinel®® adding silica up 5,10 and 15 wt% in the
liquid phase 7,. Since no clear evidence of the liquidus exists, the SO, content at the
equilibrium condition was determined by means of an experimenta iterative approach. The
average values measured with an uncertainty of 1.4 were 5.84%, 8.48% y 10.9% of SIO,. In
addition to this, it was verified the equilibrium conditions in the system Cu-Fe-O with no
silicain it, according to those used by Espinel™ and Acu @**.

The experimental apparatus is shown in Figure 3. The procedure consist in preparing the
sample and introduce them in the furnace at 650 under neutral atmosphere (nitrogen), and
controlled heating the system. The nitrogen was deoxygenated previously in a furnace fitted
with copper mesh.



Exploratory tests were performed previously in order to determine the required time to reach
equilibrium conditions. It was found that it was enough to kept the samples for 5 hours at the
desired temperature. This time is slightly lower that the required for the equilibrium in the

system Cu-Fe-O in absence of Sio*. The chemical analysis were performed on the ¢, by
analysing Cu, Fe, Al and SIO,. The oxygen was calculated by difference. The aluminium was
analysed due to the dissolution shown by the alumina crucible. The chemical composition was
normalised between Cu-Fe-O assuming the aluminium was present as Al,Os.

Calculation of the cuprous oxide activity in the slag.

The calculation of the CuO.q5 activity can be done knowing the Cu and Fe content in the

metallic phase. The Cu/Cu,O equilibrium between metal and slag can be represented
according to the following reaction:

(Cu) + ¥O2] = (Cuz0) DG, (T) - 124 306.9 + 45.224 T (Jmol) (1)
1250 £ T £ 1350

Starting from equation (1) the expression of a(Cu,0O) is:

DG, °(T)

Ina(CUZO):fT+2Ina(Cu)+lna(O) 4)

Note that the oxygen activity is equivaent to Polz’ *for the choice of standard state made for
oxygen.

Considering a diluted solution for the O in the Cu:

INa(0)c, = (Inglhy. +eIX(O)g, +eZX(Fe)q,) + INX(Q)c ®)

Thevaluesof e5*,ed and g?‘o)m taken from the critical review of Luraschi*” are:

Ing), =453- 8978 (6)
(7

e =9.73g- 2223

el =-565 (8

Since the content of Fe in the Cu is very low the effect of e *X(Fe) on Ing g, is quite

negligible. In this way, it can be considered the value of a(Cu) by means of the integration of
the Gibbs-Duhem equation which is applied for the simplification of the equation (5) to
express g o) -

Ing(g),, =INg(g),, +€5X(O)c, ©)



NP

b Ingg, =3 [X(O)q, +Inl- X(0)g,)] (10)

Replacing the expressions 6,7 and 8 into the equation (5) and introducing the resultant as well
as the equation (10) into the expression 4, it can obtain that the a(Cu,0) as a function of the
O content in copper at a given temperature.

Finally the relation between a(CuO.q5) and a(Cu,0) is.

a(Cu0y;) = -/a(Cu,0) (11)

Results

The results are shown in the Figure 4, Figure 5 and Figure 6. The chemical compositions
reached in the slag phase (/») under equilibrium conditions are summarised in Table 1.

A good agreement is observed between the results published previously by Espinel!™ and
those in this work for the slag without SIO, (Run A). The effects of the addition of SIO, and
the increase of temperature are shown in Figures 4 and 5. It is clear that at a fixed
temperature, the increasing content of SiO; in the melt can expand the two-phase zone I/l;. In
the same way, for a fixed content of SO, the increasing of temperature can displace the line
that limits this two-phase zone. These results confirm the hypothesis that is equivalent to
increase the temperature or the SiO, content to expand the two phases (I,/I1) boundaries.

The presence of SiIO, in the melt modifies the activity of the cuprous oxide as it is shown in
the figure 7. This effect increases strongly from 8%. The decrease of the value of a(CuOgs)
between 8 and 10% is at |east twice the one taken place between 0% and 8% SiO,.

Acknowledgments

This study was financed by the Research Office of the University of Concepci @ under the
Grant N°©99.095.062-10. The authors also wants to thanks the experimental work done by
Nestor Rojas y Mauricio Trucco and also Mr. Roberto Duralde, Manager of Colada Continua
Chilenafor the facilities to carry out the chemical analyses of the metallic phase.

Refer ences

Phase Diagrams for Ceramists. Vol V.

N.L. Bowen & J.F. Schairer.

American journal of Science, 5" Series, vol 24, N°141, pp. 177-213.
Phase Diagrams for Ceramists. Vol I, Fig 164.

The American Ceramic Society, Inc. 1964

Phase Diagrams for Ceramists. Vol |, Fig 80.

The American Ceramic Society, Inc. 1964

Grozdanov & |. Dokusov

Thermodynamic analysis of the reduction of metal oxides by FeO
Metalurgia (Sofia), vol 32, N7, 1977



6.

10.

11.

12.

13.

14.

15.

16.

R. Parra

Etude expérimental de la fusion réductrice du Cu,O ans s systeme Cu,O-FeO,-S O..
Ph. D. Thesis, Insitut Nationale Polytechnique de Grenoble (Francia), 1998.
R. Hultgren, P.D. Desai, D.T. Hawkins, M. Gleiser & K.K. Kelley :
Selected Values of Thermodynamic Properties of Binary Alloys.
ASM, Metals Park, OH, 1973 pp.

O. Kubaschewski & C.B. Alcock :

Metallurgical Thermochemistry.

5" Ed., Pergamon Press Ltd., England, 1979

L.J.Swartzendruber :

Alloy Phase Diagrams, ASM Handbook, V9™ 3, p. 131.

The Materials Information Society, ASM International 1993.

R. Schmid

The Copper-Oxygen system study by an EMF method.

Metallurgical Transactions, Volume 14B, December 1983, p.476.
Muan & E.F.Osborn

Phase Equilibria Among oxides in Steelmaking.

American Iron and Steel Institute.

Adedison Weeley Pub. Co., Inc.Plating, Mass, 1965

L.S. Darken & R.W. Gurry.

J. American Chemical Society, Vol 67, pp 1398

A.Luraschi & J. F. Elliot

Phase Relationshipsin the Cu-Fe-O-S O, System, 1000 to 1350°C.

In Extractive Metallurgy of Copper, Vol |, J. Yannopoulos & J. Agarwal, eds., The
Metallurgical Society of AIME, New Y ork, 1976.

M.Sachez, J. Acui@ & A. Luraschi

Experimental study of Sag-Metal equilibria in the system Cu-Fe-O.

In 2" International Symposium on Metallurgical Slags and Fluxes, H.A. Fine & D.R.Gaskell
eds., The Metallurgical Society of AIME, 1984.

JA. Espinel

M.Sc. Thesis: Contribucién al estudio de la termodinamica del sistema Cu-Fe-O para
temperaturas y potenciales de oxigeno de interés industrial.

Universidad de Concepcidn, Escuela de Graduados, Marzo 1985.

Toshio Oishi, Keita Nakagawa & Katsutoshi Ono

Phase Diagram and Thermodynamics of The Molten Cu-Fe-O System at 1773 K.

J. Japan Inst. Metals, Vol 53, No.7, 1989, pp. 692-697.

A. Luraschi : Thermodynamicsof the Coppert-1ron-Sulfur-Oxygen-Slica System.” Ph.D.
Thesis, Department of Mterials Science and Engineering, MIT, June 1976.



5 1| 18 X

2530 3% i &5 0
i E; 7
[ R

Oulgls Ly +espired 58

"

55 &0 Fe
CTR 15

TD
i
Oz igl
o mwpina g 8
+FEy G

e e

___}'e?i:,; smafiral B&

—gspine| 5§.I'_u.l.r'¢__|l.l}ﬁi
alpe & #spinel
_‘_'_,_.-J-I. 2 #EQI

TS EE,—:—L\-iLl:-F-HE'
- DEI g, alm} 2 Bl
§ |
| m =
PR )\ ;
-]
2 )
a .-l"'.,..""- =
P i gl }Iﬁ 1
[ iy Lo |
£ o
= =1 g
3 4 i
o 0:-E
gu:-l tu e o (8)cFa L ¥ ‘i e
/ LAThd) X hcuRsill o
5 " & 5
5 - \
! .
' AAAAATAAAATATATATS AR
VY \u_d \ L“.:_"*_ ) M
oo il 0 0 I 50 &0 0 B0 30 [

* pov peso Hierra

Figure 1: Experimental data for the Cu-Fe-O system at 1300°C!™.
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Figura 3: Experimental apparatusfor the equilibrium study under neutral atmosphere.
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Figure 4: SiO, effect on the oxygen content in the slag as a function of
% Fe/(% Fe+% Cu) at 1250°C. Results for 0% SiO, at 1300°C by Espinel (- )[*¥ and
thiswork (+).

a=



60

O

50 4 A 1300°C, 10.9% SiO,
4 1300°C, 8.24% SIO,

40 + o 1300°C,0%SIO,

ofa o o 1300°C, 0% Si0, ™"
30+ O 1250° C, 8.48% SiO,
(] L o
AL
20 + oo 4 +P
oo +t ®
10 +
0 : : : :
0 0.2 0.4 0.6 0.8 1
a

Figure5: SIO, effect on the oxygen content in the slag as a function of a at 1300°C.
Comparison for SiO, content around 8% between 1250 and 1300°C.

1
09 4
08 1 —’k_/.‘
07 4
’UOT 0.6 4
Q o054 : L @ 1300°C, 0% Si0, ¥
% 0.4 4 O 1350°C, 8.24 % SO,
03l & 1300°C, 10.9 % SO,
02 4
014
0 | | | |
05 0.6 0.7 0.8 0.9 1

Figure6: Activity of cuprous oxide at 1300°C as a function of h=(1-a) for 0%, 8% and
10% SiOa.



Tables

Tablal: Anéisis quimico en laescoriay metal.

Run Temperature %SO, %Cu  %Fe %0 (O)cy
A 1300 0 73.62 1299 13.39
71.62 14.67 1371
65.58 19.59 14.83
50.85 31.16 17.99
49.02 3268 18.30
4480 27.83 27.37
I 1250 584 4480 27.83 27.37
48.77 25.69 25.55
36.87 34.03 29.10
63.22 1557 21.21
68.17 12.03 19.80
70.60 1041 18.99
[ 1250 848 3385 33.05 3310
52.78 20.52 26.70
57.65 18.05 24.30
68.16 12.07 19.77
71.62 879 19.59
81.67 253 15.80
[ 1300 824 4185 2565 3250 0.0324
3899 2811 3290
5701 1729 25.70 0.0376
65.30 11.30 2340
69.58 860 21.82 0.0451
8148 283 15.68 0.0553
v 1300 10.90 4246 2429 33.26
3941 2569 34.90 0.0156
55.86 14.28 29.86 0.0162
6253 10.72 26.75 0.0194
63.82 955 26.63



