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Abstract: The phase equilibria of the PbO—“CuQ¢s5” and PbO—“CuQOos"—FeO,s” slag systems in equilibrium with
solid metallic copper and/or liquid metallic lead—copper alloy were studied as part of the investigation of the 19-element
PbO—ZnO—Cu,0—FeO—Fe,03;—Ca0—Si0,—Al,03—MgO—S—(As, Sn, Sb, Bi, Ag, Au, Ni, Cr, Co as minor elements)
multicomponent slag/matte/metal/speiss system, supporting the operation and development of the existing and emerging
pyrometallurgical processes. In the experimental portion of this study, samples underwent high temperature
equilibration followed by quenching, after which the compositions in the liquid slag, solid oxide and metallic phases
were directly measured by electron probe microanalysis (EPMA). Phase equilibria data on the massicot (PbO), spinel
((Fe,Cu)Fe;04), cuprite (Cu20), lead ferrite (Pby+Fe,Os:c), magnetoplumbite (Pbi+.Fei2-+O19-x), copper plumbite
(Cu2Pb0,), and delafossite (CuFeO,) primary phase fields were obtained between 688 and 1000 °C. A key finding of
the experimental study of the PbO—“CuQps” subsystem was that the copper plumbite (Cu,PbO,) phase melted
incongruently, contradicting previous studies that suggested it apparently decomposed below the binary eutectic
temperature to form massicot (PbO) and cuprite (Cu0). Based on the results of past and present experimental studies, a
self-consistent set of thermodynamic model parameters describing all phases in the system was derived using the
FactSage software package.
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by the increased lead concentration in copper

1 Introduction

A combination of resource depletion and the
need to treat complex secondary feedstocks (e.g.,
waste from electrical and electronic equipment)
has led to closer integration of the copper—lead—
zinc production processes and increases in the
complexity of the process chemistry [1-3]. In lead
smelting, the use of lead-bearing materials from
adjacent copper smelters such as slimes, dusts, and
copper—lead matte leads to elevated Cu through-
put [3]. Likewise in copper smelting, there have
been increased levels of Pb throughput, evidenced
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anodes found by a recent global survey of copper
smelter practice [4]. The development of new
processes and the optimization of existing
processes require computational tools capable of
predicting the partitioning of all elements, phase
equilibria and energy balance. In turn, the accuracy
of the predictions is improved by the integrated
experimental and thermodynamic modelling study.
The present study is focused on the phase
equilibria, in particular the liquidi, of the PbO—
“CuQyps” and PbO—“CuQys"—FeO,s” slag systems
in equilibrium with solid metallic copper and/or
Pb—Cu liquid alloy. These systems are important for
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the lead and copper smelting, converting, and
recycling processes, which involve slags that may
contain all three oxides as major elements. The
study is part of a broader research program to
characterize the chemical behavior of the
19-element  PbO—ZnO—Cu,O—FeO-Fe,03—CaO—
Si0,—AlL,O;—MgO—-S—(As, Sn, Sb, Bi, Ag, Au, Ni,
Cr, and Co as minor elements) multicomponent
system for the nonferrous metal smelting and
recycling industries. The experimental data were
used in the development of the thermodynamic
database describing this complex, multi-component
system based on the use of the FactSage computer
package [5].

A number of experimental and thermodynamic
modelling studies of the phase equilibria of
the PbO—FeO;5”, PbO—“CuQos” and “CuQqs’—
“Fe0.5” pseudo-binary systems in equilibrium with
metal using a variety of experimental techniques
have been reported [6—18]. However, further
information is required to accurately characterize
the PbO—“CuQps” and PbO—“CuQOos’—“FeO;s”
slag systems.

In the only prior study of the PbO—“FeO;s”
system in equilibrium with metallic lead found
in literature, SHEVCHENKO and JAK [6]
experimentally investigated the massicot (PbO),
spinel (Fe;04), and lead ferrite (PbziFexOsiy)
primary phase fields between 770 and 1100 °C,
and 50-90 mol.% PbO in the liquid slag, using
the equilibration/quenching/electron probe X-ray
microanalysis (EPMA) technique with magnetite
(Fes04) or iridium substrates. Based on the
experimental data obtained, SHEVCHENKO and
JAK [7] developed the thermodynamic description
of the system. The spinel (FesOs) phase was
experimentally found to contain up to 2 mol.% PbO,
however, this was not described in the thermo-
dynamic model developed.

SHEVCHENKO and JAK [12] reviewed the
PbO—“CuQys” system in equilibrium with metal
as part of the experimental study of the PbO-
“Cu0g5"—Si10, system in equilibrium with metal,
finding experimental data [8§—11] in the range of
100—1250 °C and the entire range of liquid slag
compositions. SHEVCHENKO and JAK [12]
investigated the PbO—“CuQqs” system in the range
of 730-950°C and 30-80 mol.% PbO in the
liquid slag, using the equilibration/quenching/

EPMA technique with copper substrates to study
the liquidi of the massicot (PbO) and cuprite (Cu0)
primary phase fields in the range of 750—950 °C.
Additionally, a sample was melted, and then
recrystallized in Cu foil at 730 °C, resulting in a
liquid slag-free mixture of massicot (PbO), copper
plumbite (Cu:Pb0O,), and solid metallic copper,
thereby defining the lower limit on the solidus
temperature of the system. The previous studies
have poor agreement on liquidus temperatures
and compositions, and the reported peritectic
temperature of copper plumbite (CuPbO,) [8—12].
The more recent results by SHEVCHENKO and
JAK [12] are considered to be more accurate than
the earlier studies [8—11], because (1) the liquid
slag composition was directly measured after
equilibration, and (2) the copper substrate used does
not cross-contaminate the PbO—“CuQys” slag,
unlike the clay crucibles [8,9] and the quartz (SiO»)
tubes [10,11] used in the earlier studies. Based on
the experimental data from the study by
SHEVCHENKO and JAK [12], the thermodynamic
description of the system was developed by
SHEVCHENKO and JAK [13]; however, the
eutectic temperature predicted by the model was
noted to be inconsistent with the experimental
results in that the experimentally determined
solidus temperature (>730 °C) was higher than the
thermodynamically assessed eutectic point of the
system (720 °C).

The experimental studies of phase equilibria
for the “CuQgs"—“FeO,” system in equilibrium
with metallic copper were found between the
cuprite (Cu,0O)/delafossite (CuFeO,) eutectic point
(modelled to be 1128 °C by HIDAYAT et al [18])
and 1400 °C. YAZAWA and EGUCHI [14]
investigated the “CuQgs”—*“FeO,” system in the
range of 1150—1300 °C, and 0—45 mol.% “FeO.”
in the slag, using platinum substrates for all
experiments. Differential thermal analysis (DTA)
was used to investigate the spinel ((Fe,Cu)Fe,0.),
cuprite (Cuz0), and delafossite (CuFeO,) primary
phase fields up to a maximum of 1275 °C, while
the equilibration/quenching/wet chemical analysis
technique was used to determine the oxygen isobars
for isothermal sections of the Cu—Fe—O diagram
at 1200, 1250 and 1300°C. TAKEDA [15]
investigated the primary phase fields of the
“CuQgs"—“FeO,” system in the range of 1100—
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1400 °C and 0—30 mol.% “FeOy” in the slag, using
a mixture of thermal analysis and equilibration/
quenching/wet chemical analysis on magnesia
(MgO) crucibles. ILYUSHECHKIN et al [16] and
NIKOLIC et al [17] applied the equilibration/
quenching/EPMA technique with the magnetite
substrates to investigate the primary phase fields
of the “CuQOos"—FeO,” system in equilibrium
with metallic copper in the temperature range
of 1150—1250 °C. The results by YAZAWA and
EGUCHI [14] in the temperature range of
1100—1250 °C demonstrated poor agreement with
those of TAKEDA [15], but good agreement with
the later studies [16,17]. This is likely because in
the study by TAKEDA [15], the liquid slag and
the spinel ((Fe,Mg,Cu)Fe;04) contained up to 1 and
16 wt.% MgO, respectively. A thermodynamic
model description of the system was developed by
HIDAYAT et al [18] using the data by YAZAWA
and EGUCHI [14], ILYUSHECHKIN et al [16],
and NIKOLIC et al [17].

No published phase equilibria data were
available on the PbO—“CuQqs"—“FeO;s” system in
equilibrium with solid metallic copper and/or the
liquid metallic lead—copper alloy.

The present study addresses the inconsistency
of information on the PbO—“CuQgs” system in
equilibrium with solid metallic copper, and the
lack of experimental phase equilibria data for the
PbO—“CuQys"—“FeO,s” slags in equilibrium with
solid metallic copper and/or the liquid metallic
lead—copper alloy.

2 Experimental

2.1 Experimental and analysis technique

The experimental/analytical techniques and
equipment used in the present study were described
in detail in previous publications [19,20]. In brief,
the starting mixtures were made from high purity
powders of PbO (>99.9 wt.% in purity) and Cu,O
(>99.9 wt.% in purity) supplied by Alfa-Aesar, MA,
USA, and Fe;0;3 (299.9 wt.% in purity) and “FeO”
(299.9 wt.% in purity) supplied by Sigma-Aldrich,
MO, USA. The mixtures were planned with the
goal of obtaining a solid oxide fraction of about
10 vol.% to achieve equilibration and adequate
outcomes from quenching (it was found that the
distance between the solid phases should exceed

1020 um to ensure that the Iliquid slag is
amorphous and uniform in composition). A
10—20 wt.% excess of Cu powder (=99.9 wt.% in
purity) supplied by Alfa Aesar, MA, USA, or Pb
powder (2999 wt.% in purity) supplied by
Sigma-Aldrich, MO, USA was added to each oxide
mixture to ensure that the quenched samples
contained solid metallic copper and/or liquid
metallic copper—lead alloy.

Less than 0.5 g of mixture was used in each
equilibration The mixtures
pressed into pellets using a tool steel die before
being placed on substrates. All experiments were
performed on copper foil substrates (supplied by
BDH Chemical Company, Poole, United Kingdom),
or magnetite substrates (FesOs, prepared by
oxidizing 99.9 wt.% pure Fe foil supplied by
Sigma-Aldrich, MO, USA in 99.9% pure CO;
supplied by Coregas, New South Wales, Australia at
1200 °C).

The high temperature equilibration experiments
were performed in a vertical tube resistance-heated
furnace. The reaction tube was made from
impervious recrystallized alumina (AlOs) with
inner diameter of 30 mm (supplied by the Xiamen
Wintrustek Advanced Materials Company, Fujian,
China). To ensure that the sample was equilibrated
at the correct temperature, an R-type reference
thermocouple (previously calibrated against a
standard thermocouple supplied by the National
Measurement Institute of Australia, New South
Wales, Australia) was inserted into the hot zone
both prior to, and after sample equilibration (lead
evaporated during equilibration can damage the
thermocouple in inert or reducing atmospheres by
forming Pb—Pt alloys). The overall temperature
accuracies of the experiments were estimated to be
+3 K.

The samples were suspended in the hot zone
of the furnace by copper wire (supplied by
Goodfellow Cambridge Ltd., London, England),
or Kanthal-D wire (Fe—Al-Cr alloy, supplied by
Vulcan Stainless, Victoria, Australia). Argon or
0.3% CO in Ar (each 99.995% in purity, supplied
by Coregas, New South Wales, Australia) was
passed through the furnace during equilibration to
prevent metal oxidation.

The samples were first pre-melted for 10—
30 min at 20—130 °C above the final equilibration

experiment. were
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temperature to form a homogeneous liquid slag +
metal mixture. When a peritectic reaction was
anticipated upon cooling the sample, the sample
was also pre-cooled to 5-20 °C below the final
equilibration temperature for 5—10 min following
the pre-heating to facilitate the nucleation of
the equilibrium solid oxide phases. Following
equilibration, the samples were quenched into 30%
CaCl, brine at —20 °C, washed using water and
ethanol, dried in a convection oven at 40 °C, and
then mounted in epoxy resin and cross-sectioned
using conventional metallographic polishing
techniques.

The cross-sectioned samples were examined
under the optical microscope, carbon-coated, and
then the compositions of the phases were measured
using an electron probe X-ray microanalyser (JEOL
8200L EPMA; Japan Electron Optics Ltd., Tokyo,
Japan) with the wavelength-dispersive spectro-
meter. The microanalyser was operated with 15 kV
accelerating voltage and 20 nA probe current. The
Duncumb-Philibert atomic number, absorption,
and fluorescence (ZAF) correction supplied by
JEOL [21-23] was applied. Copper (Cu) and
hematite (Fe2O3) (supplied by the Charles M. Taylor
Co., CA, USA), and K-456 lead silica glass
(71.4 wt.% PbO, supplied by NIST, MD, USA)
were used as EPMA standards. The concentrations
of the metal cations were measured using EPMA:
no data on the oxidation state of metal cations were
obtained. For presentation purposes, the copper
oxide concentration was re-calculated using the
molecular mass and ZAF correction factor of
“CuQOqs” (as Cu'is the predominant copper cation
in liquid slag in equilibrium with Cu metal [24]),
and the iron oxide concentration was re-calculated
using the molecular mass and ZAF correction factor
of “FeO;5”. The molar ratios of the oxides were
used in the representation of the data.

For accurate, repeatable, and objective
measurement of the average composition of the
liquid slag phase, an approach similar to that
described by NIKOLIC et al [25] was used during
EPMA. The liquid slag composition was taken to be
the average of 20 points in the best quenched area
(usually near the slag/crucible interface), and the
results were rejected if the standard deviation in the
measured concentration of any metallic cation in
the liquid slag exceeded 1 mol.%.

2.2 Custom correction of standard JEOL ZAF
correction of measurements made using K,
and M,, X-rays
The accuracies of the EPMA compositional

measurements made using K, X-rays for Fe and Cu

and M, X-rays for Pb were improved by applying
secondary corrections to concentrations obtained
after applying the standard ZAF correction supplied
by JEOL [21-23], following an approach similar to
that described in previous publications by the
authors [12]. The composition of the stochiometric
copper plumbite (Cu,PbO,) phase present in
equilibrated samples was measured using EPMA in

a previous study [12]. It was found that after the

application of the standard JEOL ZAF corrections,

the concentration of “CuQqs” in copper plumbite

(Cu2Pb0O,) was systematically overestimated by

0.8 mol.%, leading to copper plumbite (Cu,PbO»)

being reported as containing 67.4 mol.% PbO rather

than the expected 66.67 mol.%. Based on this
reference point, the following correction factors
were developed:

Corrected __

XG0 = X o, (1733610 xpy )

(1)
Corrected __
FeO, 5 FeO, 5 (2)
Corrected =1- Corrected _ _ Corrected
PbO CuOy ;5 FeO, 5 (3)

where x; refers to the normalised molar fractions of
each component after the Jpitjal standard JEOL
ZAF corrections, and ! refers to the
corrected, normalised molar fraction of each
component. When the equations are applied to the
Cu or Pb free sample, the corrected composition
is equal to the composition after standard JEOL
ZAF corrections only. When applied to copper
plumbite (Cu.PbOy), its composition is corrected to
33.3 mol.% CuOysand 66.7 mol.% PbO (within the
measurement uncertainty of the EPMA).

No suitable compounds were identified for
developing similar correction factors for the
PbO—“FeO, s subsystem, because the lead ferrite
(Pba+xFe20s+y) and magnetoplumbite (PbiFeir-
Oi9-x) phases are not stoichiometric. Additional
correction factors were not needed for “CuQgs”—
“FeQ15” subsystem, because delafossite (CuFeO,)
was measured to have a “CuQyps” to “FeO;5” molar
ratio of 1:1 within the measurement uncertainty of
EPMA, and therefore the correct stoichiometry.
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2.3 Composition measurements made using L,

X-rays

Both characteristic X-rays and background
radiation (Bremsstrahlung) produced during EPMA
can result in the generation of secondary X-rays and
indirectly excite atoms adjacent to the material
being measured by the probe. The concentrations of
impurities in various phases may be overestimated
by the EPMA measurements due to the generation
of these secondary fluorescent X-rays [26].
Previous publications by the authors [12,27,28]
demonstrated that the Cu, Fe and Zn concentrations
in the SiO; solids could be overestimated by the
EPMA measurements by up to 1—1.5 mol.%; when
measured using K, X-rays, nonzero Cu, Fe and
Zn apparent concentrations were reported in
10—100 um diameter pure SiO, particles pressed
into unreacted pellets of Cu [12], Fe.Os3 [27,28], or
Zn0O [27,28] powders.

The X-rays with energies >5 keV are known to
have long (>100 um) penetration range in the SiO,
solids and materials of comparable density, such
as the silicate slags [26,29]. To investigate the
significance of the secondary X-ray fluorescence
effect in denser materials, such as massicot (PbO),
lead ferrite (PbzFe;Osx) and magnetoplumbite
(Pbi+Fein«O19-), the concentrations of the trace
elements (Cu, and Fe) in these phases were
remeasured using their corresponding L, X-rays.
The X-rays with low energies (1-2 keV) that could
excite the L, X-rays of Cu (0.93 keV) and Fe
(0.705 keV) cannot penetrate far into the sample,
and consequently did not result in the secondary
fluorescent X-rays from the phase(s) adjacent to
that measured, allowing for the solubility of the
trace elements to be more accurately measured.

3 Thermodynamic modelling methodologies

The thermodynamic database parameters were
optimized using the FactSage 7.3 thermodynamic
computer package [30]. The liquid slag and the
liquid metal phases were described using the
modified quasichemical formalism [31,32], by
combining three different types of excess Gibbs
free energy parameters: (1) Bragg—Williams,
expressed as a polynomial of pure component
concentrations, which assumes random mixing
configuration entropy; (2) Quasichemical, expressed

as a polynomial of the overall composition, which
assumes the formation of A—A, A—B, B—B pairs;
(3) GUTS, expressed as a polynomial function of
the pair fractions. The binary parameters were
projected towards the ternary and higher order
systems using the geometric formalism developed
by CHARTRAND and PELTON [33,34], that
combined Kohler (symmetrical), Muggianu
(symmetrical) and Toop (asymmetrical) approaches
depending on the chemical behavior of the
components.

4 Results and discussion

4.1 Experimental results

Backscattered electron micrographs of typical
quenched microstructures of the PbO—“CuQgs”
(—“Fe0,5”) samples in equilibrium with metal are
shown in Fig. 1. The observed phase assemblages
and measured phase compositions of samples in
the PbO—“CuQqs” and the PbO—“CuQg s —“FeO, 5"
systems are provided in Table S1, and Tables S2—S7
of the Supplementary materials, respectively. The
ranges of compositions measured for each solid
oxide phase are summarized in Table 1.

The following non-liquid slag phases, in order
of increasing brightness on scanning electron micro-
graphs, were identified in the samples:

(1) Spinel ((Fe,Cu)Fe,O4) — cubic euhedral
crystals (taken to be spinel as the EPMA reported
that total mass fractions were consistent with mixed
Fe?" and Fe** oxidation state),

(2) Delafossite (CuFeO,) — plate-like euhedral
crystals,

(3) Cuprite (Cuz0)—round anhedral crystals
(can appear circular or asymmetrical) (taken to be
Cu;0 as the EPMA reported that total mass
fractions were consistent with Cu” oxidation state),

(4) Cu solid (Cu)—round anhedral particles
suspended in liquid slag (can appear circular or
asymmetrical),

(5) Magnetoplumbite (Pbi:Feiz +Oi9-«) — plate-
like euhedral crystals (usually smaller and shorter
than delafossite (CuFeQy)),

(6) Copper plumbite (CuPbO;)—round
crystals (may contain entrained copper (Cu) or
cuprite (Cu,0O) particles),

(7) Lead ferrite (PbyFe2Osi)— subhedral
crystals (occasionally comprises of two phases with
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Fig. 1 Backscattered electron micrographs of typical microstructures of PbO—“CuQOgs"—(“FeO;s”) samples in
equilibrium with liquid slag and different substances: (a) Cuprite (Cu20), delafossite (CuFeO,) and Cu metal; (b) High
or low-Pb lead ferrite (Pb+.Fe;Os:,), delafossite (CuFeO,) and Cu metal (not in frame); (c) Spinel ((Fe,Cu)Fe Os),
Pb—Cu metal and Cu metal; (d) Copper plumbite (Cu,PbO;) and Cu metal; (¢) Magnetoplumbite (Pbi+.Fei2-:O19-),
delafossite (CuFeO;) and Cu metal; (f) Massicot (PbO) and Cu metal

Table 1 Range of measured compositions of solid oxides (mol.%)

PbO FeO1s “CuQy5”
Compound Formula - - -

Min Max Min Max Min Max
Massicot PbO 99.02 100.00 ot ot 0.03-
Spinel* (Fe,Cu)Fe 04 0.31 0.61 95.18 99.10 0.52 431
Cuprite Cu,0 0.02 0.06 0.01 0.20 99.74 99.97
Lead—ferrite (high PbO) Pb2+:FerOsiy 54.71 55.13 44 .85 55.22 0.02%
Lead—ferrite (low PbO) PbyFe,05 50.69 51.62 48.35 49.30 0.01% 0.03-
Magnetoplumbite PbiFei2-xO19-« 13.85 16.95 82.76 86.01 0.00% 0.07%
Copper plumbite Cu,PbO, 33.24 33.60 0.00 0.13 66.40 66.73
Delafossite CuFeO, 0.02 0.10 48.73 50.89 49.08 51.20

* Excluding samples in which crystals were smaller than the minimum probe diameter (~1 pm) and were likely measured inaccurately;
L Concentration of the element was measured using the L, X-ray instead of the K, X-ray
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two distinct stoichiometries (~50 mol.% and
~54 mol.% PbO, remainder FeO;s) in intimate
contact),

(8) Massicot (PbO) — plate-like, round crystals
(taken to be massicot as the maximum temperature
for the phase transition of litharge (PbO) to
massicot was reported to be 600 °C [35]),

(9) Pb—Cu liquid — circular sections of liquid
metal suspended in liquid slag (contains SiC
crystals (dark, rounded particles introduced during
polishing)).

The measured compositions
stoichiometric mixed solid oxides, lead ferrite
(Pba+ Fex0s+y), magnetoplumbite (PbiwFeinO19-x)
and delafossite (CuFeO,) were analyzed to identify
compositional trends and potential solubilities of
impurities. Only the composition of the spinel
((Fe,Cu)Fe204) phase was found to depend on the
liquid slag composition and the equilibration
temperature. Under the conditions of the present
study, a maximum concentration of 4.3 mol.%
“CuQyps” was measured in the spinel. Two lead
ferrite phases were identified: high-PbO (PbyoFesO,1)
and low-PbO (Pb.Fe;Os). All magnetoplumbite
(PbiFei2-«O19-x) measured were close in composition
to the reduced endmember Pb,Fe;Ois [6]. The
delafossite (CuFeO;) phase was measured to be
stoichiometric with a 1:1 molar ratio of copper
oxide to iron oxide (within the measurement
uncertainty of the EPMA) under the conditions of
the present study. This observation is consistent
with the findings of SCHORNE-PINTO et al [36],
who reported that the copper—iron delafossite
(CuFe0,) is stoichiometric at 1022 °C and below.

Measurements showed that all solid oxides
except spinel ((Fe,Cu)Fe;Os) do not dissolve
significant concentrations of impurities from the
present slag system under conditions of the present
study. PbO has a maximum solubility of 0.6 mol.%
in the spinel ((Fe,Cu)Fe,O4) phase, consistent with
the range of PbO concentration in spinel (FesOs)
reported in a previous study by SHEVCHENKO
and JAK [6]. The apparent solubilities of iron and
copper impurities in the massicot (PbO), lead ferrite
(Pb2+,Fe;Os+) and magnetoplumbite (Pbi+Feia-»-
O19-x) phases were likely overestimated when
measured with their K, X-rays, as measurements
made using L, X-rays consistently showed their
solubilities to be close to 0.

of the non-

4.2 Thermodynamic modelling results and
discussion

4.2.1 Liquid slag endmembers and stoichiometric
compounds

Thermodynamic model parameters describing
litharge (PbO), massicot (PbO), cuprite (Cu0O),
hematite (Fe203), copper plumbite (Cu2PbO»),
delafossite  (CuFeO;) and the liquid slag
endmembers, PbO, and FeO,s, were adopted with
modification from previous studies [13,37—39]. The
heat capacity of CuQOg s liquid slag end member was
revised to better align with calorimetric
experimental data by MAH et al [40], while the
heat capacity of FeO was revised to better align
with the partial molar heat capacity of FeO in the
silicate containing slags, as reported by thermo-
dynamic assessments of STEBBINS et al [41],
RICHET [42], and LANGE and NAVROTSKY [43].
The heat capacities of the stoichiometric
compounds, litharge (PbO), massicot (PbO), cuprite
(Cu20), hematite (Fe;Os) and copper plumbite
(CuzPb0,), and all endmembers in the liquid slag
were also revised below 25 °C (298.15 K) to better
fit low-temperature calorimetric data and to prevent
infinite values of heat capacity (and by association,
of entropy, enthalpy, and Gibbs free energy) at
—273.15°C (0 K) that may cause errors in some
FactSage calculations (e.g., re-stabilization of the
liquid slag phase at very low temperatures). The
present heat capacities are consistent with the
limiting condition necessary to avoid Kauzmann’s
paradox [44—47]; the calculated entropy of the
revised liquid slag endmembers never becomes
lower than that of the corresponding solid oxide
upon cooling.

The standard enthalpy of formation and
entropy of copper plumbite (CuPbO,) and
delafossite (CuFeO,) at 25°C (298.15K) were
altered to provide a better fit to the experimental
data obtained in the present study. The enthalpy of
formation of copper plumbite (Cu.PbO,) from the
elements and its absolute enthalpy at 25°C
(298.15 K) previously reported by CANCAREVIC
et al [11] were respectively —413.086 kJ/mol and
135.165 J/(mol-K). The enthalpy of formation was
revised to —432.339 kJ/mol to better describe the
experimental data of the present study; the
discrepancies can arise from (1) contamination
of the starting copper plumbite (Cu,PbO,) by the
quartz (SiO;) reaction vessel, (2) an excess of lead
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L—Cu,O+CuFeO,+Cuqiquiay (1128 °C)

2190

oxide in starting mixture used by CANCAREVIC
et al [11] (as evidenced by the supplied electron
micrographs), (3) the non- equilibrium conditions
characteristic of DTA, or (4) reactions between the
sample and DTA crucible materials. The enthalpy
and entropy of formation of delafossite (CuFeO,)
at 25°C (298.15K) previously reported by
SHISHIN et al [39] were —497.944 kJ/mol and

“)
And the peritectic temperature corresponding
to the reaction:

L+Spinel—CuFeOx+Cugiquig) (1162 °C) (5)

Due to the large uncertainty in solution
calorimetry data on the enthalpy of formation
of delafossite (CuFeO,) reported by BARANY

100.59 J/(mol-K))  respectively. ~ These  were et al [51], the suitability of the updated parameters
respectively revised to —494.115kJ/mol and was confirmed by comparison of the updated model
103.29 K/(mol'K) to  better describe the predictions against studies that reported the p(O-)

over delafossite (CuFeO,) in equilibrium with
different phases. p(O,) vs temperature correlations
reported by the studies [52—63] used in the
thermodynamic assessment by SHISHIN et al [39]
remain well described by the updated parameters.
The new thermodynamic properties of the
stoichiometric compounds and liquid slag end-
members are presented in Tables S8 and S9 of the
Supplementary materials. The properties of

experimental data of the present study. The entropy
of formation was increased by adjusting the heat
capacity below —223.15°C (50K), including
properties  describing the antiferromagnetic/
paramagnetic transition of delafossite (CuFeQ,).
The new peak in heat capacity at the Neel
temperature demonstrates reasonable agreement
with the range of values reported in literature
[48—50]. The enthalpy of formation was adjusted

such that the Gibbs free energy of delafossite
(CuFeO,) was unchanged at 1145 °C, midway
between the previously modelled [18] eutectic
temperature corresponding to the reaction:
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stoichiometric compounds, wiistite and liquid slag
endmembers are plotted against temperature in
Figs. 2—-8, with experimental data included for
comparison where appropriate.

60
(b) 7
L 4 e
. 50 / I l—
L i
i 40 | P ~ ’/_,-
) 74
£ 30t Vg
= 4 jl'll - - - - Litharge, previous database
) R Liquid, previous database
2 20 7 1 ==+ =Litharge, present study
=3 /| = = Liquid, present study
S 1ok i a  Litharge [65]
Fa o Litharge [68]
i
! It 1 1 1
0 100 200 300 400 500
/K
200
(d) ]
—
-
~ 160 F -
<
'I_o' 120 //’/
g 4
= - - -Litharge, previous database
= 80 Massicot, previous database|
_Oo ————— Liquid, previous database
~ — .= Litharge, present study
= 40 Massicot, present study
= = Liquid, present study
©  Massicot [66]
0 Litharge [68]

0 500 1000 1500

T/K

Fig. 2 Heat capacity and entropy of litharge (PbO), massicot (PbO) and (metastable) PbO liquid (Data from the present
study, the previous database (parameters optimized by JAK et al [37]), and experimental data from SPENCER and
SPICER [64], KING [65], KOSTRYUKOV and MOROZOVA [66], KNACKE and PRESCHER [67], KOSTRYUKOV

et al [68] and KOBERTZ [69] are included for comparison)
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Fig. 3 Gibbs free energy, entropy, and enthalpy differences between litharge (PbO), massicot (PbO) and (metastable)
PbO liquid (Data from the present study, the previous database (parameters optimized by JAK et al [37]), and
experimental data from SPENCER and SPICER [64], KNACKE and PRESCHER [67], and KOBERTZ [69] are

included for comparison)

4.2.2 Solid oxide solution phases

The spinel phase (Fe?*, Fe**, Cu*)*[Fe?", Fe*,
Cu?', Va]*,0:, as described using the compound
energy formalism with both tetrahedral and
octahedral sites, was adopted without modification
from HIDAYAT et al [18]. The solubility of PbO
was not described in the present thermodynamic

model as its maximum solubility in spinel was
negligible.

The Bragg—Williams formalisms for lead
ferrite (Pb2Fe,Os—PbsFe,Os) and magnetoplumbite
(PbFe2019—PbyFe11013) were adopted from
SHEVCHENKO and JAK [7] with modifications
to the heat capacity of the endmembers below 25 °C
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Fig. 4 Heat capacity and entropy of, and entropy, enthalpy and Gibbs free energy differences between FeO endmember
in Wiistite and (metastable) FeO liquid (Data from the present study, the previous database (parameters optimized by
HIDAYAT et al [70]), experimental data from COUGHLIN et al [71], GRONVOLD et al [72] and STOLEN et al [73],
and the average of the partial molar heat capacities obtained by the thermodynamic assessments of STEBBINS
et al [41], RICHET [42], and LANGE and NAVROTSKY [43] are included for comparison, GRONVOLD et al [72]
experimentally measured the heat content of Feo93790; Values reported for FeO are based on their modelling of the
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(298.15 K) to prevent Kauzmann’s paradox. The
Bragg—Williams formalism for Wistite (FeO—
Fe,0Os—CuO) was adopted from the works of
SHISHIN et al [39] with updates by HIDAYAT
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Fig. 5 Heat capacity and entropy of, and entropy, enthalpy, and Gibbs free energy differences between hematite (Fe,Os)

and (metastable) Fe;Os liquid (Data from the present study, the previous database (parameters optimized by SHISHIN
et al [38]), and experimental data from COUGHLIN et al [71], and GRONVOLD and WESTRUM [74] are included for

comparison)

4.2.3 Metallic solution phases (liquid, FCC)
Thermodynamic model parameters describing
the liquid metal phase were adopted without
modification from SHISHIN and DECTEROV [77]
for the Cu—O subsystem, SHISHIN et al [39] for
the Cu—Fe—O subsystem, HIDAYAT et al [70] for
the Fe—O subsystem, the FSStel and FSCopp

FactSage databases for the Fe-Pb and Pb—O
systems [30], and HAYES et al [78] for the Pb—Cu
system. The binary parameters of the Pb—Cu—Fe
liquid system were extrapolated into the ternary
system using the Muggianu method, and the
binary parameters of the Pb—Cu—O, Pb—Fe-O
and Cu—Fe—0O systems were extrapolated into the
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Fig. 6 Heat capacity and entropy of, and entropy, enthalpy and Gibbs free energy differences between cuprite (Cu,O)

and (metastable) Cu,O liquid (Data from the present study, the previous database (parameters optimized by HIDAYAT
et al [18]) and experimental data from HU and JOHNSON [75], GREGOR [76], and MAH et al [40] are included for

comparison)

ternary systems using the Kohler/Toop method with

oxygen as

the asymmetric component. The

binary and ternary parameters were extrapolated
into the quaternary Pb—Cu—Fe—O system according
to the method outlined by CHARTRAND and
PELTON [33].

Parameters for the face centered cubic (FCC)

solid metal phase, as described using the compound
energy formalism, were adopted without the
modification from SHISHIN et al [39] for the
Cu—O and Cu—Fe subsystems. The parameters
describing the Fe—Pb, Pb—O and Pb—Cu subsystems
in the FCC phase were adopted from the same
studies [30,70,78] as those used to describe the
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Fig. 7 Heat capacity and entropy of copper plumbite (Cu,PbO»), and entropy and Gibbs free energy differences between

copper plumbite (Cu,PbO,) and (metastable) Cu,PbO, liquid slag (Data from the present study, the previous database
(parameters optimized by SHEVCHENKO and JAK [13]) and experimental data from CANCAREVIC et al [11] are

included for comparison)

subsystems in the liquid metal phase.
4.2.4 Updated excess properties of liquid slag
solution phase

The  optimized thermodynamic
parameters of all solution phases are presented in
Table S10 of the Supplementary materials. The
binary PbO—“CuQ¢s” and pseudo-ternary PbO-—
“CuQps"—FeO;s” liquid slag systems were
optimized in the present study. Excess parameters
for the remaining systems were adopted without
modification from studies by HIDAYAT et al [18,79]
for the FeO—-FeO,s binary system and the
“CuQ¢s"-FeO—FeO;s ternary system, and from
SHEVCHENKO and JAK [7] for the PbO—FeO—
FeO; s ternary slag system. The Kohler method was
used to extrapolate binary parameters into all
ternary systems except of the “CuQgs’—FeO-—
FeO;s ternary system, which used Kohler/Toop
grouping with CuOyps as asymmetrical component.

€XCEeSsS

The binary and ternary parameters
extrapolated into the quaternary PbO—CuQOgs—
FeO-FeO,s system according to the method
outlined by CHARTRAND and PELTON [33].

The excess Gibbs free energy of the binary
PbO—“CuQys” and ternary PbO—“CuQqs"—“FeO s”
liquid slag systems were optimized to minimize the
root mean square (RMS) deviation of calculated
liquidus temperature from the experimental data.
The temperature root mean error of entire system
and individual primary phase fields was calculated

as
2
o) _ /EAT2
N

where N is the number of experiments, and T
represents calculated or experimentally determined
the slag liquidus temperature. For comparison, the

Were

(6)
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Fig. 8 Heat capacity and entropy of delafossite (CuFeO,), and entropy, enthalpy and Gibbs free energy differences

between delafossite (CuFeO,) and (metastable) liquid slag + spinel ((Fe,Cu)Fe;O4) mixture with bulk composition

CuFeO; (Data from the present study, the previous database (parameters optimized by SHISHIN et al. [39]) and
experimental data from BARANY et al [51], TAKEDA et al [48], MITSUDA et al [49] and PETRENKO et al [50] are
included for comparison; Note: the entropy of delafossite (CuFeO») reported by BARANY et al [51] was not considered

in the optimization as they did not account for the antiferromagnetic/paramagnetic transition in delafossite at 10—15 K)

compositional root mean square error was also
calculated by using the liquid slag composition
error in place of temperature error, where the
compositional error of each point was calculated as

AX = [[5(X

2
icalculated — X i,experimental) ]/ 4 (7)

The temperature and compositional RMS
values of the PbO—“CuQys” pseudo-binary and the
PbO—“CuQys"—FeO,s” pseudo-ternary systems
are presented in Table 2 (with comparison to the
RMS errors of the model by SHEVCHENKO and
JAK [13]) and Table 3, respectively.
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Although properties of delafossite (CuFeO,)
and the CuQOgs and FeO slag endmembers were
altered above 298 K in the present study, the
experimental studies [14,16,17] that were weighted
the most heavily in the assessment of the
“CuQq.s"—FeO—FeO, 5 ternary system by HIDAYAT
et al [18] remained described when performing
calculations using the previously obtained excess
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parameters with the new CuQy.s endmember; this is
demonstrated by the calculated invariant points
remaining unchanged (shown in Table 4). Likewise,
the modification of the FeO liquid slag endmember
did not result in significant changes to the thermo-
dynamic description of PbO—FeO—FeO;s system
from previous thermodynamic assessment by
SHEVCHENKO and JAK [7].

Table 2 Comparisons of RMS error values of modelled PbO—“CuQys” system in equilibrium with metal, as calculated
using parameters by SHEVCHENKO and JAK [13] and re-optimized database produced in present study

Present work SHEVCHENKO and JAK [13]
Number
Phase of AT A-)(liquid slag AT AXiiquid slag
pomts i Max RMS  Min Max RMS  Min Max RMS Min Max RMS
Cuprite  gu 595 271 391 008 072 039 2206 2595 1444 034 323 181
(Cuz0)
Copper
plumbite 3 —020 330 196 007 1.04 062 —24.10 —21.52 2257 949 10.09 9.80
(CllszOz)
Ni;f(‘)c)ot 4 —544 499 411 049 123 092 -1094 028 7.04 006 258 1.66
Total 16 —725 499 368 007 123 061 —2410 2595 1501 006 10.09 4.53

* Includes points from 880 to 920 °C from the previous study of PbO—“CuQo.5” system by SHEVCHENKO and JAK [12]

Table 3 RMS error values of modelled PbO—“CuQq5s"—*“FeO;5” system in equilibrium with metal, as calculated using
re-optimized database produced in present study

Phase Num'ber of AT AXiiquid slag
points Min Max RMS Min Max RMS
Massicot (PbO) 16 -12.77 16.56 10.61 0.06 2.95 1.82
Spinel ((Fe,Cu)Fes04) 6 2544 6500 2990 015 217 114
Cuprite (Cu,0) 17%* -15.12  11.51 7.18 0.08 1.87 0.78
Lead ferrite (Pba+Fe2Os4y) 3 14.66 26.25 21.31 4.85 9.66 7.38
Magnetoplumbite (Pbi+Fei2-xO19-x) 15 —4.34 50.18 20.88 0.02 5.02 1.94
Copper plumbite (Cu,PbO») 15 —11.64 8.98 5.44 0.07 3.39 1.73
Delafossite (CuFeO,) 22 -27.05 31.68 16.14 0.10 4.16 2.12
Total 94%* -27.05  65.00 15.21 0.02 9.66 2.13

* Includes points from 880 to 920 °C from the previous study of PbO—“CuQo.5” system by SHEVCHENKO and JAK [12]

Table 4 Comparison of invariant points in “CuQys”—“FeO,” binary subsystem in equilibrium with metallic copper, as
calculated using parameters by HIDAYAT et al [18] and re-optimized database produced in present study

Temperature/°C ) “FeOy” content in slag/mol.%
Reaction
Previous model Present study HIDAYAT et al [18] Present study
1128 1129 L—Cuprite (CuxO)+Delafossite (CuFeO2)+Cugiquid) 18.1 18.2
L+Spinel ((Fe,Cu)Fe 04)—
1162 1163 Delafossite(CuFeO2)+Cuiiquia) 253 253
1397 1398 L—Spinel((Fe,Cu)Fe,04)+Wiistite+Cugiquid) 94.6 94.6
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4.3 Comparison of thermodynamic modelling
outcomes with experimental data
The calculated phase diagrams of the PbO—
“CuQys” pseudo-binary and the PbO—“CuOs"—
“FeO;s” pseudo-ternary systems are given in
Figs. 9 and 10, respectively. A detailed inset of
the PbO—“CuQOy.5"—“FeO1.5” pseudo-ternary phase
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Fig. 9 Phase diagrams of PbO—“CuQys” pseudo-binary
system in equilibrium with metal, calculated using
optimized thermodynamic parameters obtained in present
study (For comparison, the phase diagram previously
published by SHEVCHENKO and JAK [13], and
experimental data from the present study and from
SHEVCHENKO and JAK [12] are included)

diagram is given in Fig. 11. The PbO—“CuQqs"—
“FeQ1.5” pseudo-ternary phase diagram and its inset
without experimental points overlaid are given in
Figs. S1 and S2 of the Supplementary materials,
respectively. A plot of “CuQOos” content in spinel
((Fe,Cu)Fe>04) against the “CuQqs” content in the
liquid slag at different isotherms is shown in
Fig. 12.

The modelled PbO—“CuQOos” pseudo-binary
phase diagram contains three primary phase fields:
massicot (PbO, melting point 886 °C), cuprite (Cu.0,
melting point 1233 °C) and copper plumbite
(Cu2Pb0,), with a eutectic point between copper
plumbite (Cu,PbO;) and massicot (PbO) at
63.7mol.% PbO in liquid slag and 734 °C.
The copper plumbite (CuPbO,) phase melts
incongruently at 754 °C forming cuprite (Cu,O),
and liquid slag containing 56.9 mol.% PbO.
Additionally, the projection of the copper rich
Cu—Pb solid alloy/Pb—Cu liquid alloy phase
boundary onto the phase diagram is included for
reference, showing that the melting point of the
copper-rich alloy decreases with increasing PbO
concentration in the slag. The list of invariant
reactions of the PbO—“CuO¢s” pseudo-binary
system in equilibrium with copper rich solid alloy
and (Pb—)Cu liquid, along with the modelled
liquid slag, solid and liquid alloys compositions,
is presented in Table 5. Upon melting, the Pb
concentration of the metallic phase increases
significantly due to the reduction of PbO in the slag
by metallic copper.

In the PbO—“CuQs” pseudo-binary system,
several discrepancies between the experimental data
from the present study and previous studies were
identified. Preliminary experiments demonstrated
that the incongruent melting/recrystallisation of
copper plumbite (CuPbO) to/from the liquid
slag and cuprite (Cu;O) through the reaction
CuZPbOz(sohd)«——‘Slag(hquid)JrCuzO(sond) was kinetically
inhibited, and that metastable copper plumbite
(Cu2Pb0Os) may even be found in samples of the
massicot (PbO) primary phase field equilibrated at
up to 40 °C above the binary eutectic temperature.
To accurately characterize the primary phase fields
of the PbO—“CuQ¢s” system between 730 and
750 °C, the equilibrium condition was approached
from two different directions; in one set of
experiments all samples were preheated to 800 °C
prior to equilibration (yielding cuprite (Cu,O) and
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compositional ranges are based on experimental data; Experimental data from the present study and from previous
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Table 5 Invariants points of PbO—“CuQOys” pseudo-ternary system in equilibrium with copper-rich Cu(—Pb) solid alloy

and (Pb—)Cu liquid, as calculated using optimized thermodynamic model

Composition/mol.%

Tempf rature/ Reaction Phase Type
C Pb Cu 0
) Lcu M 99.57 0.43
1067 LCu—>Cupr1te (Cu20)+Cusohd
Cusoria M 99.98 0.02
Liag (0] 26.2 73.8
1062 Lppcu—> Lstag+Cuprite (Cu20)+Cusolia Lpbcu M 0.52 97.7 1.77
Cugolid M 0.05 99.93 0.02
leag O 84.3 15.7
823 leag+Lpbcu—>MaSSiCOt (PbO)+Cusohd Lpbcu M 87.6 11.8 0.56
Cugolid M 0.35 99.65 0.00
Oxide phases are designated “O” while metallic phases are designated “M”; Product side represent products formed on cooling

liquid slag), while in another set all samples were
preheated to 20 °C above the final equilibration
temperature prior to equilibration (yielding copper
plumbite (Cu,PbO,) and liquid slag). The liquid
slag compositions from these experiments were
used to construct the cuprite (CuO) and copper
plumbite (Cu,PbO,) primary phase fields in the
thermodynamic modelling. The finding that the
copper plumbite (Cu,PbO;) melted incongruently
contradicted the results of previous studies [8,10,11]
except of HOFFMANN and KOHLMEYER [9] and
SHEVCHENKO and JAK [12]. In the massicot

(PbO) and cuprite (Cu,O) primary phase fields,
the differences in the liquidus temperatures and
compositions of the liquid slags between the
present study and studies [8—11] predating that of
SHEVCHENKO and JAK [12] were attributed to a
combination of cross- contamination of the liquid
slag by crucible materials, kinetic factors inhibiting
the decomposition/recrystallisation of the copper
plumbite (Cu,PbO,) phase and the delayed response
of thermal analysis techniques to phase changes.
The present study agrees well with the findings of
SHEVCHENKO and JAK [12] in the cuprite (Cu.0)
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primary phase field, but less well in the massicot
(PbO) primary phase field; this was attributed to the
improved quenching of the liquid slag in the present
study.

In the PbO—“CuQys"—“FeO;s” pseudo-ternary
system, the liquidus temperatures and phase
compositions for slags in the massicot (PbO),
spinel ((Fe,Cu)Fe;0s4), cuprite (Cu20), lead ferrite
(Pb2+,FexOs+y), magnetoplumbite (PbiFeiz1O19-4),
copper plumbite (CuPbO;), and delafossite
(CuFeO,) primary phase fields were experimentally
determined between 688 and 1000 °C for the first
time. The modelled PbO—“CuQys"—“FeO,s” pseudo-
ternary phase diagram contains eight primary phase

fields: massicot (PbO, melting point 886 °C),
spinel ((Fe,Cu)Fe 04)), Wiistite (FeO, melting point
137 °C) cuprite (Cu0, melting point 1233 °C), lead
ferrite (Pba+Fe20s+y), magnetoplumbite (PbiFeio--
O19-x), copper plumbite (Cu,PbO>), and delafossite
(CuFeO,). The liquid slag and liquid Pb—Cu alloy
compositions at the invariant points (11 total)
predicted by the thermodynamic model obtained in
the present study are summarized in Table 6. The
two modifications of lead—ferrite (Pb.:.Fe:Os.:y)
were described using a single primary phase
field, as there is limited experimental data on
which the lead—ferrite phase is stable at a given
condition.

Table 6 Invariants points of PbO—“CuQqs”"—“FeO,s” pseudo-ternary system, as calculated using optimized thermo-

dynamic model

Reaction  Temperature/ . Phase  Composition/mol.%
o Reaction Phase
type C ty¢ Ppb Cu Fe O
Lsag—Massicot (PbO)+Copper plumbite
696 (CuzPbO,)+Delafossite (CuFeO2)+Cusoria Lotag O 610 261 12.9
Lgag—Massicot (PbO)+Lead ferrite+
701 Delafossite (CuFe02)+Cuoig L O 636 184 179
leag-irMagnetoplumbite (Pb1+xF€12—xO19—x—>
Liquid sl 717 Lead ferrite (Pbz+FexOsiy)+ Lstag O 623 180 19.7
| lawie stag Delafossite (CuFeO-)+Cusolia
in equilibrium
with three solid Lgjag+Cuprite (Cu,0)—
oxides and one 734 Copper plumbite (CuzPbO»)+ Lstag O 52.7 36.8 105
metal Delafossite (CuFeO2)+Cusolia
LgagtMagnetoplumbite (Pbi+.Fein—O19-)+— Laiag 0 69.1 57 253
775 Spinel ((Fe,Cu)Fe;O4)+
Lead ferrite (Pba+Fe20s+) +Lpbcu Lebcu M 944 53 0.00 0.28
LgiagtSpinel ((Fe,Cu)Fe 04)—
839 Magnetoplumbite (PbiFeinO19-)+ Lsiag O 496 254 250
Delafossite (CuFeO2)+Cusolid
742 LsiagtLppcu—Massicot (PbO)+ Lstag O 714 73 213
Lead ferrite (Pb+Fe20s+4)+Cusoria Lrbcu M 929 69 0.00 022
2762 LagetMagnetoplumbite (Pbi+Fei—-O19-)+ Lig O 685 7.6 240
Liquid slag Lppocu—Lead ferrite (PbaiFe20s..)+Cusolia Lrbcu M 919 79 0.00 026
in equilibrium LgiagtSpinel ((Fe,Cu)Fe 04)— Lojag O 678 78 244
with two solid 770 Magnetoplumbite (Pbi+Feir—Oi9-)+
oxides and LpbcutClUsoria Lpbcu M 914 83 0.00 0.27
t tal
Wo metals 1066 Delafossite (CuFeO2)+Lpycu— Litag 0o 122 70.8 17.1
LsiagtCuprite (Cu20)+Cusoiia Lebcu M 041 985 0.00 1.1
1069 Spinel ((Fe,Cu)Fe;04)+Lpbcu— Lstag O 192 559 249

LgagtDelafossite (CuFeO2)+Cusolia

Lpbcu M 0.17 98.1 0.00 1.7

Oxide phases are designated “O” while metallic phases are designated “M”; Product side represent products formed on cooling
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5 Conclusions

(1) The phase equilibria of the PbO—“CuQOqs”
and PbO—“CuQ¢s"—“FeO;s” slag systems in
equilibrium with solid metallic copper and/or liquid
metallic lead—copper alloy were experimentally
investigated between 688 and 1000 °C.

(2) In the PbO—“CuQq 5" pseudo-binary system,
the present study resolved the uncertainty on
the stable phase assemblages near the eutectic
temperature; the copper plumbite (Cu,PbO;) phase
was found modelled to melt incongruently in the
PbO—“CuQys” subsystem to form cuprite (Cu0)
and the liquid slag, in contrast to previous
studies that suggested it apparently decomposed
peritectoidally below binary eutectic temperature to
form massicot (PbO) and cuprite (Cu,O).

(3) Experimental data were obtained for
the PbO—“CuQgs"—“FeO;s” pseudo-ternary slag
system for the first time. A self-consistent
thermodynamic database was developed to explain
the new experimental data, in which fundamental
improvements were made to the thermodynamic
descriptions of the stoichiometric compounds
and the end members of several solution phases
(liquid slag, lead ferrite (Pb,Fe.Os—PbsFe;Os),
magnetoplumbite  (PbFe2010—PbsFei1015), and
Wiistite (FeO—Fe,03—CuQ)).

(4) The revised model more accurately
described liquid slag heat capacities in the range
of temperatures relevant to pyrometallurgical
processes, and partially eliminated infinite values of
heat capacity, enthalpy, entropy and Gibbs free
energy at 0 K. This study forms part of a broader
study of the 19-element multicomponent system for
nonferrous metal smelting and recycling industries.
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