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Abstract The individual effects of Al2O3, CaO and MgO

on gas/slag/matte/spinel equilibria in the Cu-Fe-O-S-Si-

(Al, Ca, Mg) system at 1473 K (1200 �C) and p(SO2)-

= 0.25 atm. have been experimentally measured for a

range of oxygen partial pressures and matte compositions.

The experimental methodology has included the high

temperature equilibration of individual samples on a spinel

primary phase substrate under controlled gas atmospheres

(CO/CO2/SO2/Ar), followed by rapid quenching of the

equilibrium condensed phases and direct measurement of

the phase compositions using electron probe x-ray micro-

analysis. The experimental results show that the presence

of Al2O3, CaO and MgO reduce the iron, sulphur and

copper concentrations in the slag phase. Present study is

undertaken as part of an integrated approach involving

thermodynamic modelling and experimental measure-

ments. The experimental data are compared with predic-

tions obtained using the current thermodynamic database

for the Cu-Fe-O-S-Si-(Al, Ca, Mg) system in order to

further improve thermodynamic parameters.

Keywords copper matte � copper slag � copper smelting �
Cu-Fe-O-S-Si-(Al, Ca, Mg) � phase Equilibria � spinel �
thermodynamic database

1 Introduction

The Cu-Fe-O-S-Si-(Al, Ca, Mg) system describes the

principal chemical components present in the pyrometal-

lurgical copper smelting and converting systems. The

Al2O3, CaO and MgO are introduced into these processes

through their presence in the concentrate feed and flux

materials or as a result of material dissolved from refrac-

tories during the operations. For example, in industrial

practice, fayalite based copper smelting slags (FeO-Fe2O3-

SiO2) contain typically 2-5 wt.% Al2O3, 1-4 wt.% CaO

and 1-2 wt.% MgO.[1] The presence of these elements has

an effect on the phase equilibria and the distribution of

major components between the gas, slag, matte and solid

oxide phases (such as spinel or tridymite). The availability

of accurate information about multiphase equilibria in the

system is important for the optimisation of existing pro-

cesses and development of new industrial processes.

The thermodynamic equilibria between the slag and

matte in the Cu-Fe-O-S-Si system have previously been

reported.[2-19] In a recent series of studies, an integrated

approach combining experimental work and thermody-

namic modelling has been implemented to investigate

phase equilibria and distribution of elements in the Cu-Fe-

O-S-Si-(Al, Ca, Mg) system under controlled oxygen and

sulphur dioxide partial pressures.[20-30] The experimental

technique included high temperature equilibration experi-

ments using a spinel or tridymite substrate in controlled gas

atmosphere (CO/CO2/SO2/Ar), quenching of sample and

accurate measurements of compositions of coexisting

phases using electron probe x-ray microanalysis (EPMA).

The application of EPMA for locally equilibrated slag/-

matte samples eliminates the possibility of measuring

entrained droplets. Combining EPMA with SEM allows

identification of the local area of phases closest to
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equilibrium and measurements the compositions of coex-

isting phases with high accuracy. Decreased mass of

samples, 0.5-0.7 g, ensures the achievement of equilibrium

state within reasonable experimental time. Typically,

equilibration takes 24 h at 1473 K (1200 �C). Small mass

allows faster quenching, which is particularly important for

investigating slag-solid equilibrium, the information about

the liquidus at high temperature. Using the primary phase

(spinel or tridymite) as a substrate for matte/slag/gas

equilibria prevents the contamination of the sample with

side elements and leads to more accurate Al2O3, CaO and

MgO determination in the slag phase. Conditions of the

experiments are calculated using the thermodynamic

database, thus decreasing the overall number of experi-

ments, while making sure that resulting information is

sufficient to fix the values of certain model parameters.
Fig. 1 SEM back-scattered image showing an example of the

microstructure obtained of gas/slag/matte/spinel in the Cu-Fe-O-S-

Si-Al system equilibrated at 1200 �C and p(SO2) = 0.25 atm

Table 1 EPMA measured compositions of phases at the gas/slag/matte/spinel equilibria in the Cu-Fe-O-S-Si-Al system at 1200 �C and

p(SO2) = 0.25 atm (24 h equilibration time)

No Log10 [p(O2),

atm]

Phase Normalized matte

composition,

wt.%

Total Phase Normalized oxide composition,

wt.%

Total *Cu in

slag

Fe/SiO2 in

slag

Cu Fe S Cu2O FeO SiO2 S Al2O3

1 - 8.30 Matte 74.5 4.3 21.2 102.9 Slag 0.77 63.9 32.3 0.45 2.6 100.2 0.70 1.54

Spinel N/A 96.6 0.74 N/A 2.6 94.7

2 - 8.30 Matte 75.4 3.7 20.9 102.5 Slag 0.81 60.5 33.4 0.26 5.0 100.3 0.76 1.41

Spinel N/A 93.7 0.60 N/A 5.6 95.1

3 - 8.30 Matte 74.7 4.1 21.2 102.7 Slag 0.79 57.5 34.6 0.31 6.8 100.5 0.75 1.29

Spinel N/A 85.1 0.43 N/A 14.4 96.6

4 - 8.40 Matte 71.6 6.3 22.1 103.3 Slag 0.88 64.5 31.8 0.71 2.1 99.9 0.80 1.58

Spinel N/A 96.6 0.73 N/A 2.5 93.7

5 - 8.40 Matte 71.1 6.5 22.4 103.1 Slag 0.80 62.2 32.2 0.62 4.1 99.8 0.74 1.50

Spinel N/A 93.5 0.66 N/A 5.49 93.3

6 - 8.40 Matte 72.6 5.8 21.6 103.2 Slag 0.78 62.1 32.1 0.56 4.4 100.6 0.72 1.50

Spinel N/A 93.2 0.64 N/A 6.1 94.1

7 - 8.40 Matte 71.6 6.3 22.1 101.3 Slag 0.73 60.7 33.4 0.51 4.6 100.2 0.68 1.41

Spinel N/A 93.8 0.67 N/A 5.5 94.2

8 - 8.40 Matte 70.8 7.1 22.2 102.9 Slag 0.66 57.5 33.6 0.47 7.7 100.8 0.64 1.33

Spinel N/A 84.3 0.45 N/A 15.2 95.2

9 - 8.42 Matte 67.9 9.5 22.6 100.7 Slag 0.81 67.4 29.1 1.12 1.5 100.9 0.73 1.80

Spinel N/A 97.2 0.65 N/A 1.96 94.4

10 - 8.55 Matte 55.5 19.4 25.1 100.1 Slag 1.10 69.0 25.4 2.19 2.2 101.6 1.00 2.11

Spinel N/A 96.6 0.71 N/A 2.5 94.2

11 - 8.55 Matte 55.7 19.6 24.7 99.7 Slag 0.79 64.7 27.7 1.69 5.0 100.6 0.73 1.81

Spinel N/A 90.3 0.56 N/A 9.1 94.7

12 - 8.55 Matte 59.8 15.3 24.8 100.4 Slag 0.61 59.0 31.3 0.95 8.1 102.1 0.59 1.46

Spinel N/A 79.9 0.37 N/A 19.8 97.7
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Fig. 2 Set of graphs describing the effects of Al2O3 on gas/

slag/matte/spinel equilibria in the Cu-Fe-O-S-Si-Al system at

1473 K (1200 �C) and p(SO2) = 0.25 atm as a function of Cu/

(Cu ? Fe ? S) in matte. (a) Oxygen partial pressure (log10[p(O2),

atm]); (b) concentration of sulphur in matte; (c) dissolved oxygen in

matte; (d) concentration of ‘‘FeO’’ in slag; (e) concentration of

sulphur in slag; (f) concentration of Cu in slag; (g) ferric iron to total

iron ratio in slag; (h) Al2O3 concentration in slag. Solid lines are

calculated using FactSage 7.2 [31,32] and internal database,[33] symbols

are experimental data for systems containing alumina are obtained in

the present study
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The results of these later studies and earlier publications

were assessed by Shishin (Ref 20). Thermodynamic mod-

elling of the effects of Al2O3, CaO and MgO on slag–matte

equilibria in the Cu-Fe-O-S-Si-(Al, Ca, Mg) system was

conducted in Ref 28. The model reproduced individual

effects of Al2O3, CaO and MgO on spinel and tridymite

substrate. Model predictions were verified using the data

for combined Al2O3 ? CaO ? MgO effect on slag/matte/

tridymite equilibrium, corresponding to low Fe/SiO2 in

slag. Good agreement was obtained. The combined effect

of Al2O3 ? CaO ? MgO on slag/matte/spinel equilibrium,

i.e. for high Fe/SiO2, has not been accurately measured yet.

The present paper summarizes the outcomes of the study

of the effects of Al2O3, CaO and MgO individually on

phase equilibria in the presence of gas, slag, matte and

spinel phases, and the elemental distributions between the

condensed phases.

2 Experimental Technique and Procedure

The experimental methodology used in this study is based

on the general approach developed by the authors (Ref 22)

further adapted to the study of the gas/slag/matte equilibria

with the spinel substrate.[24,28]. This involves high-tem-

perature equilibration of samples on a spinel substrate in a

vertical tube furnace under selected and carefully con-

trolled gas atmospheres (Ar-CO-CO2-SO2), rapid quench-

ing of the equilibrated phases, metallographic preparation

of samples, and direct measurement of the compositions of

the equilibrated phases by electron-probe x-ray micro-

analysis (EPMA). The spinel primary phase substrate shape

was in the form of an envelope with open ends.[24,28] Based

on the results of preliminary experiments an equilibration

time of 24 h was selected for all experiments. Details of the

EPMA standards and measurement technique used are

provided by Sineva et al. (Ref 30). Only the concentrations

of metal cations and sulphur were measured by EPMA in

the present study. All concentrations in the liquid slag,

spinel and matte phases were recalculated to selected

oxidation states (i.e. Cu2O, FeO, SiO2 and S) and nor-

malised for presentation purposes only. The normalised

phase compositions and original sums of elements or oxi-

des from the EPMA analyses are provided in the tabular

form.

The thermodynamic calculations have been undertaken

using the FactSage computer package with advanced

thermodynamic solution models [31,32] and an internal

thermodynamic database.[33]

Fig. 2 continued

Fig. 3 SEM back-scattered image showing microstructure of the

sample from experiment at the gas/slag/matte/spinel equilibria in the

Cu-Fe-O-S-Si-Ca system at 1200 �C and p(SO2) = 0.25 atm
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3 Results

3.1 Effects of Al2O3 on the Gas/Slag/Matte/Spinel

Equilibria at 1200 �C and p(SO2) = 0.25 atm

Figure 1 shows an example of the sample microstructure

from an equilibration experiment involving gas/slag/matte/

spinel phases at 1200 �C and p(SO2) = 0.25 atm for the

Al2O3-containing system (Cu-Fe-O-S-Si-Al). Table 1

summarizes the compositions of the phases present at

selected oxygen partial pressures. It has been found that the

concentrations of aluminium in matte are below the

detection limits in all conditions examined. The Al2O3 in

the samples is distributed between slag and spinel phases.

The experimental data are displayed in Fig. 2(a)–(h) as a

function of 100 Cu/[Cu ? Fe ? S] wt pct in matte that is

close to the matte grade (wt.% Cu in matte). The predicted

trends calculated for fixed % Al2O3 in slag are included in

the figures. Note that the experimental slag compositions

vary slightly from the target fixed values used in the cal-

culations due to the partitioning of the components

between the condensed phases. These experimental points

should not therefore be expected correspond exactly to

those calculated for the selected fixed % Al2O3 in slag.

Figure 2(a) shows that the oxygen partial pressure

increases with increasing matte grade. The experimental

data indicate this trend is independent of alumina in slag

and are lower than the model predictions for all matte

grades. Systematic discrepancy is observed between cal-

culated and experimental p(O2)s for a given matte grade,

temperature and p(SO2). The difference is about 0.2 in

log10 p(O2). The reasons of the mentioned inconsistency

are discussed by of Shishin et al. (Ref 20) in details, but

didn’t resolved yet.

Effect of alumina on sulphur concentration in matte is

observed at low matte grades with copper concentration

lower than 50 wt.% according to calculated trends

(Fig. 2b). For instance, at 55 wt.% matte grade addition of

7.5 wt.% Al2O3 increases sulphur concentration in matte at

0.5 wt.% of sulphur. However, the sensitivity of experi-

ment was not enough to establish the mentioned effect on

sulphur concentration in matte.

The oxygen concentrations in matte have not been

measured in this study; the trends are predicted using

thermodynamic database (see Fig. 2c). Within the range of

Table 2 EPMA measured compositions of phases at the gas/slag/matte/spinel equilibria in the Cu-Fe-O-S-Si-Ca system at 1200 �C and

p(SO2) = 0.25 atm (24 h equilibration time)

No Log10 [p(O2),

atm]

Phase Normalized matte

composition,

wt.%

Total Phase Normalized oxide composition,

wt.%

Total *Cu in

slag

Fe/SiO2 in

slag

Cu Fe S Cu2O FeO SiO2 S CaO

1 - 8.30 Matte 72.5 6.6 20.9 103.1 Slag 0.74 64.5 31.1 0.79 2.5 100.8 0.67 1.61

Spinel N/A 98.7 0.73 N/A 0.00 93.7

2 - 8.30 Matte 71.7 6.1 22.2 102.4 Slag 0.73 61.8 32.3 0.60 4.5 100.4 0.68 1.49

Spinel N/A 99.7 0.19 N/A 0.00 93.4

3 - 8.40 Matte 71.6 6.4 22.1 102.9 Slag 0.73 62.8 31.9 0.63 3.8 99.7 0.68 1.53

Spinel N/A 99.2 0.70 N/A 0.00 93.0

4 - 8.40 Matte 71.3 6.8 21.9 101.7 Slag 0.71 61.6 32.8 0.68 4.1 99.9 0.66 1.46

Spinel N/A 99.1 0.72 0 N/A 0.00 93.5

5 - 8.42 Matte 65.3 10.4 23.4 99.6 Slag 0.77 66.2 29.4 1.3 2.5 98.6 0.81 1.76

Spinel N/A 99.8 0.07 N/A 0.00 93.3

6 - 8.55 Matte 52.3 22.0 25.6 100.1 Slag M/A 70.5 23.7 2.8 1.6 101.6 1.18 2.31

Spinel N/A 99.2 0.70 N/A 0.00 93.9

7 - 8.55 Matte 57.7 17.0 25.3 100.4 Slag 0.90 68.0 26.3 2.1 2.8 100.4 0.82 2.01

Spinel N/A 99.3 0.67 N/A 0.00 93.2

8 - 8.55 Matte 49.7 24.0 26.3 99.2 Slag 1.05 69.4 23.6 2.8 3.1 100.1 0.97 2.29

Spinel N/A 99.1 0.64 N/A 0.00 93.3

9 - 8.55 Matte 60.0 15.2 24.8 100.4 Slag 0.76 65.1 28.5 1.46 4.1 100.1 0.70 1.77

Spinel N/A 99.3 0.65 N/A 0.00 93.0

10 - 8.55 Matte 56.4 16.7 24.9 98.6 Slag 0.94 66.5 26.9 2.0 3.7 98.4 0.84 1.93

Spinel N/A 99.4 0.52 N/A 0.00 91.2
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Fig. 4 Set of graphs describing the gas/slag/matte/spinel equilibria in

the Cu-Fe-O-S-Si-Ca system at 1473 K (1200 �C) and p(SO2)-

= 0.25 atm as a function of Cu/(Cu ? Fe ? S) in matte. (a) Oxygen

partial pressure (log10[p(O2), atm]); (b) concentration of sulphur in

matte; (c) dissolved oxygen in matte; (d) concentration of ‘‘FeO’’ in

slag; (e) concentration of sulphur in slag; (f) concentration of Cu in

slag; (g) ferric iron to total iron ratio in slag; (h) CaO concentration in

slag. Solid lines are calculated using FactSage 7.2 [31,32] and internal

database,[33] symbols are experimental data obtained in the present

study
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matte grades studied, increasing the Al2O3 in slag and

matte grade are shown, by both the experimental data and

the model predictions, to significantly decrease %FeO in

slag (Fig. 3d), %S in slag (Fig. 3e) and %Cu in slag

(Fig. 3f). Note these are concentrations of dissolved copper

in slag; the use of the EPMA technique enables dissolved

and entrained copper to be clearly distinguished. The ratio

of ferric iron to total iron ratio in slag is predicted, using

the thermodynamic database, to decrease with increasing

%Al2O3 in slag; no experimental data was obtained on this

parameter using the experimental technique employed in

the present study. As indicated in the above text the

experimental values of %Al2O3 in slags vary slightly from

the values selected for the model predictions; these dif-

ferences are illustrated in Fig. 2(e).

3.2 Effects of CaO on the Gas/Slag/Matte/Spinel

Equilibria at 1200 �C and p(SO2) = 0.25 atm

Figure 3 shows an example of the microstructure of a gas/

slag/matte/spinel sample equilibrated at 1200 �C and

p(SO2) = 0.25 atm for the CaO-containing system (Cu-Fe-

O-S-Si-Ca). Table 2 and Fig. 4 summarize the composi-

tions of the phases at various oxygen partial pressures. It

has been found that the concentrations of Ca in matte and

spinel phases are low, and, effectively, all CaO present in

the mixture is dissolved into the slag phase.

The trends of the matte grade versus P(O2) (Fig. 4a),

sulphur in matte versus matte grade (Fig. 4b) and oxygen

in matte versus matte grade (Fig. 4c) for the CaO-con-

taining system are similar to those of the CaO-free system

(Cu-Fe-O-S-Si). The experimental data and the model

predictions show that increasing the CaO concentration in

slag and increasing matte grade both result in significant

decreases in %FeO in slag (Fig. 4d), %S in slag (Fig. 4e)

and %Cu in slag (Fig. 4f).

3.3 Effects of MgO on the Gas/Slag/Matte/Spinel

Equilibria at 1200 �C and p(SO2) = 0.25 atm

Figure 5 shows an example of the microstructure of a

sample containing gas/slag/matte/spinel/olivine equili-

brated at 1200 �C and p(SO2) = 0.25 atm for the MgO-

containing system (Cu-Fe-O-S-Si-Mg). Note the fig-

ure shows the presence of the olivine phase in addition to

the spinel. The olivine was observed to form in the sample

containing 1.35 wt.% MgO at 44.8 wt.% Cu in matte.

Table 3 and Fig. 6 summarize the compositions of phases

at selected oxygen partial pressures. The MgO in the

mixture is distributed between slag and spinel phases, and

the dissolution of Mg in matte is below the EPMA detec-

tion limit.

Fig. 4 continued

Fig. 5 SEM back-scattered image showing the microstructure of the

sample obtained in an experiment resulting in gas/slag/matte/spinel/

olivine phases in equilibrium in the Cu-Fe-O-S-Si-Mg system at

1200 �C and p(SO2) = 0.25 atm
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The trends of the matte grade versus p(O2) (Fig. 6a),

sulphur in matte versus matte grade (Fig. 6b) and oxygen

in matte versus matte grade (Fig. 6c) of the MgO-con-

taining system are similar to that of MgO-free system (Cu-

Fe-O-S-Si). Increasing the concentration of MgO in slag

for a fixed matte grade decreases the FeO concentration in

the slag (see Fig. 6d), addition of MgO slightly decreases

the %S (Fig. 6e) and %Cu (Fig. 6f) in slag especially at

low matte grade area.

4 Discussion

The experimental data obtained in the present study clearly

show that the presence of individual components Al2O3,

CaO and MgO influences the compositions of the coex-

isting condensed phases at gas/slag/matte/spinel equilibria

for fixed temperature, oxygen and sulphur potentials. The

concentrations of these components in the matte phase

were, in all cases, below the limits that could be accurately

measured using the present EPMA technique. Whilst the

decrease in %FeO in slag can be partially attributed to the

dilution due to the addition of the Al2O3, CaO and MgO

components, all three, to different extents, are distributed

between slag and spinel phases, and those are not linear

correlations. The presence of Al2O3, CaO and MgO result

in decreases in the %S and %Cu in slag. The effects of the

additional components appear to increase with decreasing

matte grade, i.e. the effects are highest for lower matte

grades. Experimentally, it is very difficult at this stage to

accurately quantify the distribution of the components and

their effects for matte grades above approximately 72% Cu.

The trends in behaviour are consistent with the current

thermodynamic database predictions, however some

adjustment to model parameters will be necessary to

account for equilibria at lower matte grades.

5 Summary

Experimental measurements of the gas/slag/matte/spinel

equilibria at 1473 K (1200 �C) and p(SO2) = 0.25 atm

have provided new detailed data for the Cu-Fe-S-Si-O-Al-

Ca-Mg system. It has been shown that, increasing the

Al2O3, CaO and MgO concentrations in slag,

• Do not measurably effect the relations between the

p(O2) and matte composition.

Table 3 EPMA measured compositions of phases at the gas/slag/matte/spinel equilibria in the Cu-Fe-O-S-Si-Mg system at 1200 �C and

p(SO2) = 0.25 atm (24 h equilibration time)

No Log10 [p(O2),

atm]

Phase Normalized matte

composition,

wt.%

Total Phase Normalized oxide composition,

wt.%

Total *Cu in

slag

Fe/SiO2 in

slag

Cu Fe S Cu2O FeO SiO2 S MgO

1 - 8.30 Matte 70.3 7.9 21.7 103.2 Slag 0.89 68.3 29.2 1.02 0.60 101.3 0.79 1.8

Spinel N/A 98.9 0.88 N/A 0.18 94.5

2 - 8.30 Matte 73.4 6.2 20.3 102.4 Slag 0.99 65.8 31.7 0.76 0.71 100.4 0.89 1.6

Spinel N/A 98.9 0.78 N/A 0.18 94.0

3 - 8.30 Matte 71.8 7.1 21.0 103.2 Slag 0.87 65.5 31.8 0.76 1.35 100.7 0.79 1.6

Spinel N/A 98.2 0.81 N/A 0.35 94.8

4 - 8.40 Matte 70.9 7.4 21.6 102.1 Slag 0.88 68.1 29.6 0.93 0.45 100.0 0.79 1.8

Spinel N/A 99.1 0.78 N/A 0.11 94.3

5 - 8.40 Matte 71.6 6.5 22.0 102.8 Slag 0.82 65.5 31.3 0.77 1.59 100.3 0.74 1.6

Spinel N/A 98.7 0.84 N/A 0.42 92.6

6 - 8.55 Matte 51.3 21.4 25.2 100.0 Slag 1.27 73.1 22.3 3.1 0.31 99.9 1.33 2.7

Spinel N/A 98.2 0.69 N/A 0.13 94.2

7 - 8.55 Matte 44.8 28.9 26.2 98.2 Slag 1.55 72.8 20.4 3.9 1.35 101.6 1.39 2.8

Spinel N/A 98.4 0.76 N/A 0.64 93.4

Olivine N/A 56.8 32.3 N/A 11.0 99.9

8 - 8.45 Matte 62.8 11.4 24.8 97.6 Slag 0.83 68.7 27.9 1.5 1.1 96.8 0.74 1.9

Spinel N/A 98.9 0.65 N/A 0.39 92.6

9 - 8.3 Matte 70.4 6.4 22.6 100.3 Slag 0.81 66.6 30.7 0.75 1.1 99.8 0.72 1.7

Spinel N/A 99.0 0.72 N/A 0.27 94.5
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Fig. 6 Set of graphs describing the gas/slag/matte/spinel equilibria in

the Cu-Fe-O-S-Si-Mg system at 1473 K (1200 �C) and p(SO2)-

= 0.25 atm as a function of Cu/(Cu ? Fe ? S) in matte. (a) Oxygen

partial pressure (log10[p(O2), atm]); (b) concentration of sulphur in

matte; (c) dissolved oxygen in matte; (d) concentration of ‘‘FeO’’ in

slag; (e) concentration of sulphur in slag; (f) concentration of Cu in

slag; (g) ferric iron to total iron ratio in slag; (h) MgO concentration

in slag. Solid lines are calculated using FactSage 7.2 [33] and internal

database,[32] symbols are experimental data obtained in the present

study
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• Decrease of iron concentration in slag.

• Decrease the sulphur and dissolved copper concentra-

tions in slag (the trends for the effect of magnesia are

not significant).

In general, there is good agreement between the exper-

imental data and the current thermodynamic database,

demonstrating the value of the tool in predicting process

trends.
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