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The experimental study of the phase equilibria between calcium ferrite slag, metallic copper,
spinel and/or dicalcium ferrite in the Cu,O-FeO,-CaO system has been carried out. Effects of
temperature, oxygen partial pressure and Fe/CaO ratio on phase assemblages and compositions
have been estimated. The advanced experimental technique including high-temperature
equilibration on primary phase substrates, rapid quenching of the samples and quantitative
measurements of equilibrated phase compositions using electron probe X-ray microanalysis has
been applied. Spinel and dicalcium ferrite substrates have been specially designed to study phase
equilibria at certain primary phase fields. Obtained experimental results have been compared
with thermodynamic assessment of the Cu,O-FeO,-CaO system and available literature data.
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I. INTRODUCTION

PROCESSES of continuous copper converting to
blister copper are being actively developed nowadays
using alternative ways of copper production instead of
traditional Pierce—Smith converters. Outotec flash con-
verting,!'! ISACONVERT" process®” and Mitsubishi
process®! can be listed as modern and advanced exam-
ples. All these processes are operated at quite high
oxygen pressure close to spinel liquidus and fluxed with
CaO-containing agents, resulting in formation of cal-
cium ferrite slags with high copper concentrations (up to
25 wt pct). Calcium ferrite slags are characterised by
many advantages over conventional iron-silicate slags.
Low slag volumes, low viscosity, high fluidity, more
efficient removal of copper and side impurities at further
cleaning processes are among of these advantages. For
effective development and optimisation of the processes
operating with calcium ferrite slags the fundamental
information about phase equilibria in the quaternary
Cu-Ca-Fe-O system is highly important.

SVETLANA SINEVA, DENIS SHISHIN, ROMAN STARYKH,
MAKSYM SHEVCHENKO, and EVGUENI JAK are with the
Pyrometallurgy Innovation Centre (PYROSEARCH), School of
Chemical Engineering, The University of Queensland, Brisbane,
QLD 4072, Australia. Contact e-mail: s.sineva@uq.edu.au

Manuscript submitted August 7, 2021; accepted April 8, 2022.

Article published online April 28, 2022.

METALLURGICAL AND MATERIALS TRANSACTIONS B

Despite the practical relevance of the Cu-Ca-Fe-O
system the phase equilibria at variable oxygen partial
pressure have not been studied extensively. Possible
reasons of scarce experimental data are methodological
difficulties occurring at equilibration and quenching of
calcium ferrite slags. In particular, interaction of slag
with many conventional crucible materials (CaO, MgO)
and quenching issues make it difficult to obtain accurate
quantitative results of the phase equilibria. However,
some experimental studies put the foundation for
further development of the calcium-ferrite slags
research. Yazawa er al™ published a pioneer study of
phase equilibria between copper and calcium ferrite
slags at 1150 °C to 1350 °C and wide range of P(O,)
from 107" to 107> atm. Lime or magnesia crucibles
were used for equilibration of the mixtures. It was
reported that solubility of MgO in slag did not exceed 3
wt pct. Later, it was shown that MgO affects copper
solubility and Fe®*/Fe?" ratio in slag.” The liquidus
projection of the CaO-FeO,-Cu,O system in equilibrium
with metallic copper has been plotted by Takeda ez al.
using the data of equilibration experiments in MgO
crucibles followed by chemical analysis of obtained
samples. The temperatures of invariant reactions were
defined by thermal analysis in that paper. Dissolution of
minor elements (As, Bi, Cu, Ni, Pb) in calcium ferrite
slags at 1250 °C in lime crucibles was measured by
Eerola er al. under nitrogen gas flow. Effect of oxygen
potentials on the equilibria between copper-gold alloys
and - calcium ferrite slags was estimated by Palacios and
Gaskell in Reference 8 at 1300 °C and P(O,), = 107" to
1077 atm using CaO crucibles. Copper solubility in
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calcium ferrite slags using MgO crucibles was investi-
gated bsy Somerville ez al. at 1300 °C and P(O,); = 10~
to 107> atm.”! Employing ceramic (MgO, CaO) cru-
cibles in all mentioned studies resulted in contamination
of the slag phase with side elements and reducing the
quenching rates. Extensive studies of calcium ferrite
slags in equilibrium with copper have been carried out at
Pyrosearch  Innovation centre.'® '3l Ilyuchechkin
et al'” studied the compositional changes in the
Cu,0-Fe0O,-Ca0O system during the equilibration pro-
cess, examined different shapes and materials of the
substrates to ensure successful equilibration and
quenching processes, and used a levitation technique
to obtain a completely homogeneous liquid slag. The
results obtained using levitation and ‘“‘primary phase
substrate” techniques were consistent with each other
and proved the possibility of producing the accurate
experimental results without contaminations of con-
tainer materials at quite high quenching rates. The
“primary phase substrate technique” was applied for
experimental study and plotting of pseudo-binary phase
diagrams of the Cu,0-“Fe,05” and Cu,0-CaO systems
in equilibrium with metallic copper.!'” Isothermal sec-
tions of the Cu,O-“Fe,03”-Ca0 system in equilibrium
with metallic copper at 1200 °C and 1250 °C!"! have
been plotted based on results of seven successful
experiments. Detailed analysis of oxygen potential effect
on copper solubility in calcium ferrite slags has not been
studied yet. Thermodynamic assessment of the CaO-
Cu,0-FeO-Fe,O; system was performed by Shishin
et al™ based on critical evaluation of available
experimental data. The discrepancies between the cal-
culation and experimental results were identified.

The aim of this study is to estimate the effects of
temperature, oxygen partial pressure and Fe/CaO ratio
on the phase equilibria between calcium ferrite slags and
copper using the improved “‘primary phase substrate”
technique. The obtained results will allow the authors to
test the thermodynamic model reported earlier'” and to
eliminate the indicated experimental discrepancies.

II. EXPERIMENTAL PART

The experimental methodolo%y is based on the tech-
nique published in the papersl!®!'¥ and adopted in the
present study using the new types of primary substrate
materials. It includes high-temperature equilibration of the
samples on a specially designed primary phase substrates
made from spinel or Ca,Fe,Os in a vertical tube furnace
under controlled gas atmosphere, rapid quenching in
20 pct CaCl, brine solution at — 20 °C, metallographic
preparation of the samples, and direct measurement of the
compositions of the equilibrium phases with the elec-
tron-probe X-ray microanalysis (EPMA).

The initial mixtures were prepared from preliminary
melted “master slag”, Fe>O3 (99.9 wt pct purity) and Cu
powder (99.9 wt pct purity) supplied by the Alfa Aesar
Company, thoroughly mixed and pelletised for better
contact between the species. A master slag of
CaygFes,0106 composition was prepared by melting
precalcined CaCO;5 and Fe,Os5 in Pt crucible at 1300 °C
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for 2 hours in muffle furnace. The structure and compo-
sition of produced master slag was examined by EPMA
and having stoichiometry close to dicalcium ferrite
(CayFe,0s5). The compositions of the initial mixtures
were calculated using FactSage software!'> and internal
database!'®!"Mupdated for calculation of phase equilibria
in calcium ferrite slags in a result of thermodynamic
optimisation published in Reference 14. The ratios of the
components in the mixtures were selected to get the
slag/copper/spinel or slag/copper/ Ca,Fe>Os phase equi-
libria at given temperature and oxygen partial pressure.
The calculated volume ratio of the primary solid phase
was minimised as substrates phases also participate in
phase reactions and can dissolve or crystallise from the
slag. The slag/copper initial ratio in the mixtures varied
according to the selected oxygen partial pressure as
amount of metallic copper is expected to be lower due to
the processes of copper oxidation and dissolution in slag
at equilibration. The main reaction affecting on resulted
phase ratio is expected to be copper oxidation and
dissolution in slag phase, therefore, initial ratio of copper
metal to components of slag phase should be increased
with increasing of oxygen partial pressure in the system.
Resulted phase ratio after equilibration process was
predicted using FactSage software!'” and internal data-
base."®!”! The compositions of the initial mixtures, the
experimental conditions (type of substrate, temperatures,
oxygen partial pressure, and gas flow ratios) as well as
predicted phase ratios are listed in Table I.

Two types of substrates were designed to support the
samples in the present study. High purity Fe;O4 (spinel)
was used for equilibration samples in spinel primary
crystallisation phase field and Ca,Fe,Os substrate was
used in dicalcium ferrite primary crystallisation phase field.
It should be noted that other types of substrates were tested
in preliminary experiments: magnesia crucible, zirconia
crucible, platinum, and iridium wires. It was observed that
MgO and ZrO, crucibles interacted with the slag during the
equilibration process. In particular, it was measured by
EPMA that 2.3 to 2.4 wt pct of MgO and 2.0 to 2.1 wt pct
of ZrO, were dissolved in the slag phase. It was analysed
using EPMA that zirconium and magnesium oxides also
formed a solid intermediate layers between the slag and the
crucible. Pt and Ir wires reacted with copper and formed
copper alloys, thus decreasing the activity of copper metal
and the solubility of copper in the slag phase. Table II
illustrates the effect of the substrate material (Pt wire vs
spinel substrate) on copper composition and copper
solubility in slag phase. Two pairs of consequent experi-
ments were carried out under the same conditions (initial
mixture, temperature, oxygen partial pressure) but using
different substrate materials. It is shown in Table II that Pt
interacts with copper to form a CuPt alloy and decreases
the activity of copper in slag phase (see experiments ## 2
and 3). As a result, copper concentration in slag phase
obtained on Pt wire is lower than on spinel substrate under
the same experimental conditions.

Thus, it is assumed that only substrates prepared from
the primary phases (spinel or dicalcium ferrite) are
suitable for equilibration experiments and produce
accurate quantitative results unaffected by crucible
materials and quenching difficulties.
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Table I. Initial Mixtures and Conditions of Equilibration Experiments

Weight of Initial
Components (g)

Gas Flow Ratio (ml/min)

# Mix- Temp of Type of Log P(0Oy), Slag/Cu/Spinel or
ture Ca,Fe,Os Fe,O; Cu  Equil. (°C)  substrate atm 95Ar/5CO CO, Ca,Fe,O5 Ratio
1 0.48 0.16 0.36 1200 Ca,Fe,0s5 -5 126* 374 0.5/0.4/0.1

2 0.22 0.25 0.53 1200 spinel -5 126* 374 0.5/0.45/0.05
3 0.51 0.27 0.22 1200 Ca,Fe>0s5 —6 30 470 0.7/0.2/0.1

4 0.39 0.31 0.31 1200 spinel —6 30 470 0.7/0.2/0.1

5 0.31 0.22 0.47 1200 Ca,Fe,0s5 -7 84 416 0.55/0.4/0.05
6 0.34 0.3 0.36 1200 spinel -7 84 416 0.6/0.3/0.1

7 0.5 0.13 0.38 1250 Ca,Fe,0s5 -5 209* 281 0.5/0.3/0.2

8 0.28 0.35 0.37 1250 spinel -5 209* 281 0.65/0.3/0.05
9 0.55 0.23 0.23 1250 Ca,Fe,0s5 —6 60 440 0.7/0.2/0.1

10 0.34 0.4 0.27 1250 spinel —6 60 440 0.75/0.2/0.05
11 0.33 0.17 0.5 1250 Ca,Fe>0s5 -7 150 350 0.5/0.45/0.05
12 0.31 0.37 0.33 1250 spinel -7 150 350 0.7/0.2/0.1

13 0.38 0.05 0.57 1300 Ca,Fe>0s5 -5 296* 204 0.6/0.3/0.1

14 0.23 0.36 0.42 1300 spinel -5 296* 204 0.65/0.3/0.05
15 0.28 0.42 0.31 1300 Ca,Fe>0s5 —6 107 393 0.75/0.2/0.05
16 0.26 0.41 0.34 1300 spinel —6 107 393 0.75/0.2/0.05
17 0.57 0.02 0.41 1300 Ca,Fe>0s5 -7 231 269 0.4/0.4/0.2

18 0.18 0.38 0.44 1300 spinel -7 231 269 0.5/0.4/0.1

*The 99.7Ar/0.3CO gas mixture was used for accurate gas flow adjustment at high oxygen partial pressure.

The spinel substrate was prepared from the 99.9
wt pct pure iron foil (supplied by Goodfellow Cam-
bridge Ltd., Huntingdon, England) folded into the
required shape and then oxidized at 1200 °C for 2 hours
using pure CO, gas with oxygen partial pressure
corresponding to p(O,) = 10777 atm. Based on the
previous assessment of the Fe-O system, obtained spinel
is expected to have a composition close to stoichiometric
Fe;0,."® Several different shapes of spinel substrates
were tested. The final substrate shape was adopted in the
form of a basket with open ends (Figure 1(a)).

The Ca,Fe,Os substrate was prepared from the
mixtures of pure CaCO; and Fe,O5 oxides by sintering.
Powder mixtures were pelletised in specially designed
press-form of cone shape and cold moulding technique
was applied to the initial substances. Then the substrates
were sintered at 1200 °C for 5 hours in air. The photo of
substrate in accepted conical form is given in
Figure 1(b).

The average mass of the sample depends on the type
of substrate, as it is very important to keep the optimal
mass ratio between the sample and substrate in order to
avoid the drop of substrate during high temperature
equilibration, especially in the case of Ca,Fe,O5 sub-
strate. Thus, the mass of the sample on spinel substrate
was about 100 mg (substrate/sample mass ratio was 2/
1); the mass of the sample on Ca,Fe,O5 substrate varied
from 50 to 70 mg (substrate/sample mass ratio was 5/1).

The substrate loaded with the sample was suspended
in a uniform hot zone of the furnace at a fixed
temperature. Before starting the equilibration process
the temperature was raised by 20 °C above the equili-
bration temperature for 15 minutes then lowered back
to the selected temperature. The Ir wire (99.9 wt pct
purity, supplied by Alfa Caesar) was used to suspend
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both types of substrates in the furnace. A calibrated,
alumina-shielded Pt/Pt-Rh 13 pct thermocouple was
placed immediately adjacent to, but not touching the
sample to monitor the actual sample temperature. The
thermocouple was calibrated against a standard ther-
mocouple (supplied by the National Measurement
Institute of Australia, NSW, Australia). Digital 4-chan-
nel multimeter TM-947SD manufactured by Lutron
electronic (Taiwan) with data logger from SD card was
connected to thermocouple for temperature measure-
ment. The accuracy of the temperature measurement
was estimated to be within 5 °C.

The oxygen partial pressure was maintained by
accurate control of the CO and CO, ratio in the gas
phase using a system of calibrated U-tube capillary
flow-meters. The desired gas flowrates to achieve the
selected conditions were calculated using FactSage 7.3
software and FactPS database for ideal gas phases and
given in Table I. The accuracy of the oxygen potentials
was confirmed using a separate vertical tube furnace
equipped with a DS-type oxygen probe (supplied and
calibrated by Australian Oxygen Fabricators, AOF,
Melbourne, Australia) at the same temperature as in the
experiments. Calculated difference between expected
and actually measured logP(O,) did not exceed 0.1 .It
means, if particular, that observed logP(Q,) = 107!
atm corresponds to targeted logP(02) = 10~ atm.

As it was mentioned earlier, the calcium ferrite slags
are characterised by a rather low viscosity, and the
diffusion rates in these slags are much higher compared
to fayalite-based slags. Preliminary experiments were
performed at 1200 °C and P(O,) = 107° atm to test
different equilibration times ranged from 0.5 to 24
hours. The compositions of the slag phases measured by
EPMA were found to be the same in all experiments
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with an accuracy of 1 rel. pct without any particular
trend of composition variation over time. Other authors
claimed that equilibration for one hour is enough to
reach the equilibrium.l'” In the present study, an
equilibration time of 3 hours was selected to ensure
obtaining the equilibrium phases under given conditions
(temperature and oxygen partial pressure). After equi-
libration, the samples were quenched and metallograph-
ically prepared for further studies using optical
microscopy and electron probe microanalysis.

Direct measurement of the equilibrium phase compo-
sitions was undertaken by electron probe X-ray micro-
analysis (EPMA) using the JEOL JXA 8200L probe
(trademark of Japan Electron Optics Ltd., Tokyo) at an
acceleration voltage of 15 kV and a probe current of 20
nA. Appropriate reference materials from Charles M.
Taylor, Stanford, CA were used as standards. Copper,
iron and oxygen concentrations in metal phase were
measured and calibrated against pure Cu and Fe metals
and O concentration in Fe,O;. The Cu, Fe and Ca
concentrations in slag phase were defined against pure
Cu, Fe,O; and CaSiO; standards. At least three
representative areas with all quenched phases in equi-
librium were selected for each sample. At least ten points
for each phase (copper, slag, spinel or dicalcium ferrite)
were used for composition measurements in selected
areas to get representative number of points. For some
areas of slag phase, line analysis was performed to check
a possible trend of composition changing. The size of
copper phase varied from 5 to 500 um, only particles
larger than 30 um were employed for analysis, as smaller
phases could potentially precipitate during quenching.
An example of selected points for measurement is given
in Figure 2. A non-zero probe diameter has been
implemented to provide improved accuracy of phase
compositions measurements, particularly in the case of
microstructures that exhibit inhomogeneous areas as a
result of mass transfer taking place during quenching
from an equilibration temperature. A detailed analysis
of the probe diameter effect on average phase compo-
sitions and standard deviation was published in Refer-
ence 20. Based on this analysis and preliminary
measurements, the probe diameters of 50 and 10 um
were selected for slag and copper phases, respectively.
The time of signal collection from peak and from
background was 40 to 50 and 6 to 8 seconds. respec-
tively, based on the predicted elemental concentration in
the phase. The Duncumb—Philibert ZAF correction
procedure supplied with the JEOL JXA 8200L probe
was applied to the data obtained. The additional
correction of slag composition was applied after the
standard ZAF correction, following an approach
described in paper.”"! Then the average elemental
concentration and standard deviation were calculated
for each presented phase of the experiment.

It should be noted that the elemental concentrations
are measured by EPMA, and then they can be recalcu-
lated to the selected oxidation states for the slag and
solid oxides phases. As copper and iron are charac-
terised by different oxidation states in calcium ferrite
slags, and the Fe* " /Fe? " and Cu' " /Cu® " ratios depend
on oxygen potential in the system, the measured metal

2296—VOLUME 53B, AUGUST 2022

concentrations were used to unambiguously report the
compositions of the phases. All elemental concentra-
tions in slag were then recalculated to selected oxidation
states of Cu™ and Fe’" for presentation purposes only.

III. RESULTS AND DISCUSSION

Examples of the microstructures of the equilibrated
samples on spinel (a) and on Ca,Fe,O5 substrate (b) are
shown in Figure 3. It is shown in Figure 3(a) that
calcium ferrite slag is not fully homogeneous, therefore,
using non-zero probe diameter for measurement of slag
phase composition is justified. The crystals of dicalcium
ferrite are spreaded within the slag phase on the right
image (Fig 3(b)).

Table III summarizes the measured compositions of
the phases under the selected conditions and at 3 hours
equilibration time. The concentrations of elements in
phases below EPMA detection limit (for instance, Cu
concentration in Ca,Fe,Os5 or oxygen and iron concen-
tration in metallic copper) are indicated by symbol
BDL. Some experiments were repeated under the same
conditions to show the repeatability of the obtained
results. It is shown that the results of the experiments #
1, 2 and 3 (at 1200°C, P(O,) = 1077 atm, on a spinel
substrate), also 7, 8 and 9 (at 1200 °C, P(O,) = 10°°
atm, on a Ca,Fe,Os substrate) are reproduced within
the experimental accuracy, that proves the adequacy
and reliability of the applied experimental technique.

The measured compositions of slag and solid oxide
phases (spinel or dicalcium ferrite) were recalculated to
mol. fractions with equal number or metal cations (to
unambiguously report the metal ratio in the system) and
plotted on isothermal projections at 1200 °C, 1250 °C
and 1300 °C accordingly (Figure 4). The isothermal
projections were plotted as a result of thermodynamic
calculation using FactSage 7.3/ and internal database
after optimisation described in Reference 14. Bound-
aries of liquid slag and tie-lines with spinel or dicalcium
ferrite phases are illustrated. Experimental points and
tie-lines, obtained in the current study and adopted from
available original researches!®!%!*1%22 are labelled by
symbols.

It is shown that at 1200 °C compositions of the liquid
slags in equilibrium with spinel and dicalcium ferrite are
in good agreement with data by Ilyuchechkin,!'” and
calculated lines. For isothermal projection at 1250 °C
the CaO concentration in the liquid slag in equilibrium
with spinel and dicalcium ferrite has a tendency to
increase in comparison with literature data and calcu-
lation results. At 1300 °C the obtained experimental
results confirm the calculated trends, but are higher in
CaO concentrations than the results published in Ref-
erence 6. The mentioned difference can be explained by
the fact that slag compositions reported by Takeda ez al.
contained 1 to 3 wt pct MgO due to dissolution of
magnesia crucible which could affect the results.

The solubility of copper in slag at different oxygen
potentials is illustrated in Figure 5 at 1200 °C, 1250 °C
and 1300 °C respectively. The overall tendency of
reducing the copper concentration in slag with
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Fig. 1—Photos of the prepared substrates for samples equilibration with size dimensions: (a) spinel substrate; (b) Ca,Fe,Os substrate.

Fig. 2—Illustration of probe diameter selection and measurement
area selection.

copper

108pm

decreasing in oxygen partial pressure is observed at all
temperatures. At a fixed oxygen partial pressure the
copper losses in slags in equilibrium with spinel and
dicalcium ferrite are very similar at all temperatures.
The experimental accuracy does not allow detection any
trend of copper solubility in slag depending on Fe/CaO
ratio at 1200 °C and at 1250 °C (Figure 4(a), (b)). The
detectable effects are observed only at 1300 °C (Fig-
ure 4(c)). Comparison with literature data showed that
at 1200 °C copper concentration in slag at fixed oxygen
partial pressure is in good agreement with data of Zhao
et al”? but lower than the results published in
Reference 19 in equilibrium with dicalcium ferrite. At
1250 °C the experimental results are in %ood consistency
with Takeda’s datal® at P(O2) = 1077 and 10~ atm,
but higher than the data reported in Reference 4 at
P(O,) = 107° atm. And at 1300 °C there is a good
agreement between the measured copper losses in slag
and data of Somerville er al.™ but a contradiction with
higher values reported by Eerola ez al.”? The discrepan-
cies can be explained by the fact that the slag compo-
sitions reported in Reference 7 contain 1-3 wt pct SiO,
and small amounts of Ni, Sb, As, Pb and Al.

4 10Apm
o/ :

Fig. 3—Back-scattered electron image of quenched samples, illustrating (a) Ca-Fe slag/Cu/spinel phase equilibria and (b) Ca-Fe slag/Cu/
Ca,Fe,05 equilibria in the Cu/Cu,0-FeO.,-CaO system at 1250 °C and P(O,) = 10~° atm.
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Based on measured results of copper concentration in
the slag phase at fixed temperature and oxygen partial
pressure the activity of liquid CuQy s in the slag phase
was calculated and illustrated in Figure 6. It can be seen
from Figure 6 that the results obtained on copper
activity in the slag are in good agreement with data of
References 6, 19, and 22.
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IV. APPLICATION

The effect of the Fe/CaO ratio on copper concentra-
tion in slag is illustrated in Figure 7. The experimental
pomts are plotted along with the results of thermody-
namic optimisation!'¥ illustrating isotherms at 1200 °C
to 1300 °C. When the copper concentration in slag is
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from 1 to 25 wt pct the liquid slag is in equilibrium with
spinel phase or with dicalcium ferrite phase depending
on the Fe/CaO ratio. The region of liquid slag becomes
narrower with decreasing temperature limiting the
change of Fe/CaO ratio. This graph can be used for
optimization of smelting and converting processes. For
instance, for stable operation at 1200 °C at spinel
liquidus it is necessary to obtain 10 wt pct copper in
slag and Fe/CaO ratio about 2.3. If this is not possible
due to technological or economical limitations, the
process temperature should be increased to1250 °C.

V. CONCLUSIONS

Experimental study of the copper/slag/spinel or dical-
cium ferrite phase equilibria in the Cu,O-FeO,-CaO
system in equilibrium with metallic copper has been
carried out. The improved experimental technique has

METALLURGICAL AND MATERIALS TRANSACTIONS B

been applied for experiments implementation. The
effects of temperature, oxygen partial pressure and Fe/
CaO ratio on the phase equilibria have been evaluated.
The obtained results have been compared with calcu-
lated trends and available literature data. Comparison
of the results confirmed the reliability and accuracy of
the thermodynamic optimisation performed for this
system. The obtained results will be used for further
thermodynamic optimisation of the phase equilibria in
the Al-Ca-Cu-Fe-Mg-Pb-Zn-O-S-Si multicomponent
system and for calculation phase equilibria relevant to
copper, lead and zinc production.
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