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Abstract This study investigates the origin of the attach-

ment of metal droplets to solid spinel particles in liquid

slags. Previous research hinted a reactive origin: the spinel

particles form by a chemical reaction together with a new

droplet or alongside a droplet that was already present in

the system. In this study, a smelting experiment was used

to investigate this hypothesis. For such a study of the

mechanism, a simple chemical system was used to avoid

complex reactions. However, performing smelting experi-

ments in simple slag systems requires an adaptation of the

previously developed experimental methodology, resulting

in a new ‘partial melting’ methodology. During the

experiment, the atmosphere of the system was first set as

oxidative, to dissolve the metallic copper in the slag and

then a reductive atmosphere was used to actuate the reac-

tion. Moreover, Ag was added to the metallic phase to act

as a tracer element. The results show that the amount and

size of copper droplets increase over the duration of the

experiment. The fact that silver is present in the attached

copper droplets in a smaller concentration than in the

master alloy in this study indicates that the origin of the

attachment is not purely dispersive, and either a purely

reactive or a dispersion–reaction combination is possible,

which confirms the hypothesis.

Keywords Metal entrainment � Reactive origin � Slag �
Spinel � Copper production

Introduction

The overall metal recovery in primary and secondary

copper production is limited by copper droplet losses [1].

Minimizing these metal losses requires a fundamental

understanding of their characteristics and origin. Copper

losses in slags in the literature are generally subdivided into

chemical and mechanical losses [2–4]. Chemical copper

losses represent the formation and dissolution of copper

sulfide and/or copper oxide, and are inherent to pyromet-

allurgical processes. The chemical losses are linked to the

system’s thermodynamics, i.e., oxygen partial pressure

[2, 4–6], temperature, compositions of the slag and matte

[2, 4–6], and chemical activity of the metal oxide or sulfide

[2].

Mechanically entrained copper refers to unsettled dro-

plets. In primary copper production, these include both

matte and metal droplets, whereas mainly metallic droplets

are entrapped in secondary copper production. One of the

causes of the mechanical entrainment of the droplets is the

precipitation of copper or matte due to a decrease in the

solubility of copper in the slag. This decrease finds its

origin in the inhomogeneity of the process, e.g., there are

zones with a different local oxygen potential or a lower

temperature [7]. A second cause of the mechanical

entrainment is the dispersion of metal into the slag by gas-

producing reactions. Minto and Davenport [8] suggested

that SO2 bubbles nucleated at the bottom of the furnace and
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elevated during their rise a surface film of matte into the

slag [7, 8]. Operational actions performed in pyrometal-

lurgical processes, such as tapping or charging, are another

possible cause for the mechanically entrained droplets.

During tapping, the denser liquid can rise when flowing

around obstacles in the vessel, and hence, mechanical

entrainment can take place [3]. Moreover, gas injections,

turbulence, or pouring of one phase into the other can cause

the physical dispersion of the denser layer into the slag

[3, 9]. Furthermore, metallic copper can penetrate the

refractory, which in turn can also lead to metal losses [10].

These causes were already examined and discussed

extensively in the literature, but another possible source for

the mechanical entrainment of copper droplets has only

been investigated recently [11–14]: the attachment of

droplets to solids in slags. The influence of the attachment

of copper droplets to spinel particles on the settling rate of

attached copper droplets was investigated by De Wilde

et al. [13] by comparing the settling rates, determined

based on the Hadamard–Rybczynski formula [4], of a

copper–spinel entity and a single copper droplet, having a

similar diameter for the copper droplet. From this study, it

seems that the settling rate of the ‘isolated’ droplets is

consistently lower than that of the ‘copper–spinel’ entity,

due to the smaller diameters of the ‘isolated’ copper dro-

plets, despite the higher density difference between copper

and slag compared to the copper–spinel entities and the

slag. As the density of the copper droplets in the isolated

droplets and the density in the copper–spinel entities are

higher than the slag density, both are expected to settle

down. The apparent density of the copper–spinel entity,

which is lower compared to the density of the underlying

copper phase, however, results in the inability of the cop-

per–spinel entity to settle down to the underlying copper

phase. Thus, it is likely that the ‘copper–spinel’ entities

gather in the lower slag layer right above the copper phase.

In addition, copper droplets which are surrounded by spinel

solids are hindered to coagulate with other copper droplets.

The solid particles to which the metal attaches have

often been found to have a spinel structure, and this

attachment was reported by Ip and Toguri [7] and Andrews

[9]. As suggested in previous work by De Wilde et al.

[12, 13], attached droplets can originate from a chemical

reaction. A reaction scheme was proposed, where the spi-

nel solids and copper droplets form together due to, on the

one hand, a reduction of copper oxides into metallic copper

and, on the other hand, slag oxides oxidize into more

stable spinel structures. In addition, the spinel solids can

also form by heterogeneous nucleation on an already pre-

sent Cu droplet in an analogous way.

The aim of this work was to investigate this hypothesis

with an oxidation–reduction smelting experiment. More-

over, a Cu–Ag alloy was used as Ag fulfilled the role of a

tracer element. If the small metal droplets within the slag

do not contain the tracer element, this confirms the fully

reactive origin hypothesis. Whereas, if the tracer element is

observed within the small attached metal droplets, these

small metal droplets originate fully or partially from the

underlying Cu–Ag alloy. Moreover, a combined origin

would result in lower Ag-contents in the small attached

droplets than in the master alloy.

De Wilde et al. [15, 16] previously developed a

methodology for smelting experiments to observe the

attachment of metal droplets to solid spinel particles in

synthetic slags. These synthetic slags contained eight

components to be industrially relevant. However, for this

mechanism study, a simple chemical system was used to

avoid complex reactions, but, the number of elements

required should exceed a certain value to be able to capture

the attachment of the metal droplet to the spinel particle in

a liquid slag phase. The following sections describe the

requirements or important parameters for such a system,

and the required changes in methodology, because systems

with fewer elements typically encounter certain problems,

and finally the oxidation–reduction smelting experiment in

the Fe–Si–Al–O system with Cu–Ag droplets is described.

Parameters of Importance

First, the slag–copper system was calculated using the

FactSage 6.4 thermodynamic software package (using the

databases FactPS, FToxid, and FScopp) to obtain a suit-

able elemental composition, together with the temperature

and the equilibrium partial pressure of oxygen for which

attached copper alloy droplets can possibly occur. The

combination of the temperature and the equilibrium partial

pressure of oxygen determines the degree of oxidation of

the system. This in turn is very important to control

chemical losses, fractions of microsolids, and slag

viscosities.

Temperature and pO2

The temperature can be easily controlled by providing

feedback from a temperature sensor, placed in the liquid

slag–copper system, to the power control of the furnace.

The equilibrium partial pressure of oxygen is expressed in

the same units as pressure and represents the pressure of

oxygen gas that needs to be applied above the liquid slag–

alloy system in order to prevent the net exchange of oxygen

between the gas and the system. From basic thermody-

namics, it can be understood that when a slag is brought

into contact with a gas mixture containing a higher partial

pressure of oxygen than the equilibrium oxygen partial
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pressure of the slag, oxygen transfer from the gas to the

slag will occur.

The best way to obtain a gas with a known partial

pressure of oxygen is to create a mixture of carbon

monoxide (CO) and carbon dioxide (CO2). When this gas

mixture is exposed to the high temperatures of the furnace,

a certain oxygen fraction is produced by the equilibrium

reaction between CO and CO2. The thermodynamics of

these types of CO/CO2 mixtures is very well known, and

the oxygen partial pressure at equilibrium, depending on

the temperature, can be calculated accurately. Thus, at

equilibrium, the oxygen partial pressure is given by

pO2
¼ Kp � pCO2

=pCOð Þ2
, where Kp is the equilibrium

constant of the equilibrium reaction between CO and CO2.

This reaction constant depends strongly on the temperature

and thermodynamic properties of the reactants and prod-

ucts. The value of Kp can be calculated using software such

as FactSage.

System Selection

The system that needs to be considered should have a high

enough volume fraction of metal alloy, should contain slag-

forming elements and spinel-forming elements, and should

have a sufficiently low viscosity. The first element that is

required is copper (Cu), as we want to study the attachment

of liquid copper to spinel microcrystals in the liquid slag.

For spinel particles to be formed, iron (Fe) is a very useful

element, as it can occur in both the ? 3 and the ? 2 oxi-

dation states, which are required to form the spinel crystal

structure. Thus, it can even form a spinel particle by itself

in the form of magnetite (Fe3O4). Moreover, iron oxide is

the main compound for many copper smelting and con-

verting slags. The third element is aluminum (Al), as the

crucible containing the high-temperature system is made of

alumina (Al2O3) and the interaction between the slag and

the alumina crucible, temperature sensors and gas injection

pipes should be kept as low as possible. Significant dis-

solution of the crucible and equipment can be prevented by

using a slag that is close to alumina saturation. Moreover,

aluminum can form spinel solids together with iron. The

elements iron, copper and aluminum, together with oxygen,

are able to create a system that contains the required three

phases in equilibrium. However, such slags typically will

possess high-melting temperatures, thus the slag is fluxed,

similarly as in industry. For this, silicon (Si) was added and

is expected to stay in the slag as it is not a spinel-forming

element.

For the volume of the copper alloy, a rough estimate can

be made by using the approximation that the copper alloy

phase only contains copper. The copper content of the

system was chosen to be approximately 25 wt% of the

entire system. In this way, the alloy represents about 1/8th

of the entire liquid bath, by volume. This amount should be

sufficient to create a fine suspension of copper droplets in

the liquid slag during stirring by bubbling.

To be able to investigate the interaction between the

different phases, all phases are required to be present in the

system. This can be visualized in a phase diagram, such as

in Fig. 1. The use of the elements at the corners of the

diagram is, from a theoretical point of view more funda-

mental than the use of the oxidic components, as we

assume here that the metals are conserved (i.e., no evap-

oration), which is in contrast with oxygen, which is

exchanged with the environment. In this phase diagram, the

important regions are the ones where alloy and slag (1) and

alloy, slag and spinel (2) phases are in equilibrium with

each other. The region containing alloy, slag and spinel (2)

is the most interesting for this study.

A small fraction of silver metal was also added to the

system. This silver metal acts as a tracer element for the

alloy phase. By measuring the silver content of alloy dro-

plets in the slag phase, the origin of the alloy droplets in the

slag phase can be investigated, i.e., whether the droplet

precipitated from the supersaturated slag or if the droplet

was just ripped from the bulk liquid alloy phase at the

bottom of the crucible. In the former case, no silver in the

droplet is expected. In the latter case, the droplet originates

from the alloy which contains silver and thus the presence

of silver in the alloy droplets is expected.

Viscosity

Note that it is not sufficient to consider any composition

within the alloy, slag and spinel (2) region, but that the

viscosity of the slag itself and the combination of the spinel

solids within this slag should remain low enough to have a

workable slag. A low viscosity slag is preferred in industry

because it makes stirring and good mixing of the liquid

phase possible, is easy to pour and decreases decantation

times.

The mass fraction of spinel particles in the slag depends

on the exact position of the state of the system within this

region. This fraction of spinel particles can be estimated

with the lever rule within the three-phase region (2).

Because the spinel microsolids have almost the same

density as the slag, the mass fraction can be approximated

as the volume fraction of microsolids in the slag phase.

These small spinel crystals float around in the liquid slag

phase and create a slurry. The viscosity of the slurry

strongly increases with increasing volume fraction of

microsolids as described by an Einstein–Roscoe type

equation (g = g0(1 - af)-n). Here, g and g0 are the vis-

cosity of the slurry and the viscosity of the liquid slag in

the absence of microsolids, respectively, and f is the

J. Sustain. Metall. (2018) 4:15–32 17

123



volume fraction of solid particles. The constants a and

n depend on the general shape and size of the microparti-

cles: for a slag–spinel system, these constants have been

determined to be 4.4 and 2.5 for a and n, respectively [17].

This means that a slurry with a solid particle volume

fraction of 16% can have a viscosity that is 20 times larger

than the slag itself. A weight fraction of maximum 10%

should give a good balance between the required presence

of spinel particles, needed for the attachment of copper

droplets, and the increasing viscosity of the system. A

volume fraction of 10% spinel particles would quadruple

the viscosity of the slag.

The viscosity of the slag matrix (surrounding the solid

particles) represents the minimal viscosity of the slurry.

The Viscosity module of the software package FactSage

can be used to estimate the viscosity of the liquid slag.

Although this is a very useful tool, it does not take the

presence of copper oxides into account because data for

this kind of slags are not available. It is assumed that the

contribution of copper oxide to the viscosity of the slag is

negligible at low copper concentrations in the slag phase.

Figure 2 (right) shows a part of the ternary phase dia-

gram for the system at the previously mentioned condi-

tions. The section of interest (2) is colored, and the

compositions that could be used during high-temperature

experiments are indicated with the thick red line AB. For

these compositions, the system exists of a liquid copper and

slag phase, together with a small fraction of spinel

microsolids. For these compositions, the slag viscosity can

be seen in Fig. 2 (left). The composition in this plot

changes according to line AB in the phase diagram at the

right side of the figure. It can be seen that the slag viscosity

is at its lowest when the slag mainly consists of iron oxide

(A). The viscosity increases when more alumina or silica is

present in the slag (B). When even more of the iron oxide

gets replaced by other compounds, the spinel particles get

unstable or the other solid phases become stable. Note that

g0 was plotted here and not g, because g0 is an inherent

property of the liquid slag matrix, linked to a molecular

level, and is connected to the diffusional coefficient D. For

example, a slag matrix with low inherent viscosity g0 and

with a large amount of solid particles will result in a high

viscosity g due to the presence of the solid particles.

However, it still cannot cool fast enough, i.e., some solids

will precipitate from the liquid slag, and the high-temper-

ature situation will not be preserved after cooling. This is

due to the inherent low slag matrix viscosity g0, which

corresponds to a high diffusion coefficient, resulting in fast

diffusion and thus possible fast precipitation during

cooling.

Avoiding Cooling Effects

Cooling effects result from a too slow cooling and cause

changes in the microstructure compared with the high-

temperature system, such as precipitation of new phases in

the slag matrix. Preliminary experiments [18] have shown

that slags with high amounts of iron oxides (43.99 wt%

Fe—21.57 wt% Cu—6.76 wt% Al—4.24 wt% Si—23.44

wt% O) show cooling effects, such as shown by the needles

Fig. 1 Phase diagram for a system containing iron, aluminum, silicon

and copper at a partial pressure of oxygen of 10-8 atm. The colored

region (2) in the diagram shows where alloy, slag and spinel are in

equilibrium within the system. Region (1) corresponds to the

compositions where alloy and slag are in equilibrium with each

other. The thick line in region (2) indicates the compositions where

the liquid slag contains about 10 wt% of solid spinel particles (Color

figure online)
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Fig. 2 Viscosities of liquid slags that can exist in equilibrium with solid spinel particles in the Fe–Al–Si–Cu system at a temperature of 1400 �C
and a partial pressure of oxygen of 10-8 atm for compositions ranging from A to B as calculated by FactSage 6.4 (Color figure online)

Fig. 3 Optical microscope images of the quenched samples, col-

lected during the high-temperature experiment. Images a and b cor-

respond to a composition high in iron oxides (43.99 wt% Fe—21.57

wt% Cu—6.76 wt% Al—4.24 wt% Si—23.44 wt% O), and images

c and d correspond to a composition lower in iron oxides (33.35 wt%

Fe—21.00 wt% Cu—9.21 wt% Al—8.74 wt% Si—27.70 wt% O)

(Color figure online)
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in parts (a) and (b) of Fig. 3. The fine needle-like dendritic

structure results from the fast cooling in water. This fast

cooling yields large undercoolings, which in turn cause

many nuclei so that the excess thermal energy can be

rapidly removed by increasing the surface area for energy

dissipation thus resulting in the fine needle-like structure.

This is in contrast with a slag containing fewer (33.35 wt%

Fe—21.00 wt% Cu—9.21 wt% Al—8.74 wt% Si—27.70

wt% O) iron oxides (parts (c) and (d) of Fig. 3), where no

such needles are observed. From SEM and EDX analyses,

it could be concluded that the fine crystals that are present

in the cooled slag consist mainly of ferrous oxide (FeO).

We found that Factsage calculations of the system at

various temperatures can give a clear indication regarding

the possible formation of the FeO crystals during the

cooling, as illustrated in Fig. 4. From this calculation, it is

clear that during the cooling of a composition rich in iron

oxides, the metal monoxide gets stable from a temperature

of about 1240 �C. The reason for the final presence of this

cooling effect is that the Fe-monoxide has a very simple

crystal structure and thus can be easily formed within the

slag. Performing the same calculation for a composition

with less iron oxides, for which no cooling effects were

observed, shows that the stability of this iron-monoxide

phase does not occur. Instead, it is replaced in the calcu-

lation by the stability of a different, more complex,

clinopyroxene phase which becomes thermodynamically

stable at less than approximately 1175 �C. However, this

phase did not form during the experiments, as shown in

Fig. 3(c–d). Clinopyroxene is a group name for all mono-

clinic pyroxene minerals. These pyroxene minerals are in

turn chain silicate minerals with the general formula

AB(Si,Al)2O6. This much more intricate structure works as

a kinetic barrier for the phase to actually form during

cooling, even though it is thermodynamically favorable to

form.

When the calculations are repeated for more slag com-

positions along the boundary between region (1) and (2),

the transition from ferrous oxide stability during cooling

and pyroxene stability lays around a Fe/(Al ? Si ? Fe)

ratio of 0.75 under the specified conditions. This means

that we can assume that the slag from a system with a Fe/

(Al ? Si ? Fe) ratio of more than 0.75 will develop

cooling effects during cooling, while a system with a Fe/

(Al ? Si ? Fe) ratio of less than 0.75 can be cooled

without distortion due to unintentional crystal growth. It

should be noted, however, that it is likely that in reality,

this is more complex and that the occurrence of cooling

effects depends on more than just the thermodynamical

stability of unwanted phases during cooling. Nevertheless,

this method of calculating the stable phases during cooling

can be a good guideline to ascertain cases in which cooling

effects in solidified slag can be expected to occur or not.

Figure 4 also shows that the equilibrium fraction of

spinel particles increases during cooling. This means that

the existing spinel particles will have the tendency to grow

during cooling, if sufficient rearrangement of atoms due to

diffusion can occur. Diffusion is also necessary for the

growth of the ferrous oxide crystal structures, starting from

nuclei in the solidified slag. For liquids, this diffusion

coefficient D is related to the viscosity g as given by the

Stokes–Einstein equation: D = kBT/(6pgr). In this equa-

tion, kB is the Boltzmann constant and r is the radius of the

diffusing atom. This equation shows that the diffusion

coefficient is inversely proportional to the viscosity of the

liquid phase. This means that by choosing a mixture with a

low slag viscosity, we also choose for a slag with a higher

diffusion coefficient which might increase the occurrence

of cooling effects and unwanted phase growth during

cooling. Thus, for the choice of the system, a slag with low

viscosity is required for practical reasons. but this results in

a high diffusion coefficient. Therefore, there will always be

the need to find a compromise between low viscosity and

high diffusivity.

Experimental Method

Experimental Set-Up

The smelting experiments were executed in an Indutherm-

make induction melting furnace. A schematic representa-

tion of the different parts of the furnace are shown in

Fig. 5. The walls of the furnace (1) are made of insulating

material, wherein the water-cooled copper electromagnetic

coil (2) is embedded. A silicon carbide crucible (3) is

placed inside the furnace, for conductivity and safety

purposes. Three smaller alumina crucibles (4) of 400 ml

are placed inside the large silicon carbide crucible. Heating

of these small noncoupled crucibles occurs due to con-

duction, convection, and radiation from the inductively

heated silicon carbide crucible. The small crucibles contain

slag and alloy (5), for which the temperature is measured

using thermocouples inside alumina tubes (6), positioned in

the slag phase. Moreover, gas is injected in the liquid

phases through extra alumina tubes (6). For an optimal

temperature control, the measured temperature is used as

feedback for the furnace control, and small covers made of

refractory stone with some holes for the thermocouple and

bubbling pipes were positioned on top of the small alumina

crucibles.

Input Compounds

The systems were prepared by melting oxides of appro-

priate quantities. The targeted system composition, based
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on thermodynamic FactSage calculations, is shown in

Table 1. The total mass of the system in a 400-ml crucible

was chosen as approximately 600 g, to have a liquid vol-

ume of less than about half of the total crucibles volume, to

avoid too much splashing or foaming. FeO was added as a

combination of metallic iron and hematite, while CaO was

added as limestone, which decomposes in quicklime and

carbon dioxide at high temperatures.

Partial Melting

The preliminary experiments also showed that certain

mixtures, which were predicted to be liquid at high tem-

peratures and a reductive atmosphere, stayed in a very

thick pastry-like state. This was due to the high-melting

temperatures of the pure compounds. Iron oxide is the only

slag compound that will melt below a working temperature

Fig. 4 Thermodynamic

stable phases of the Fe–Al–Si–

Cu system: The top, showing a

composition rich in iron oxides

and the bottom, a composition

with fewer iron oxides at

different temperatures (Color

figure online)
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of 1400 �C, and thus, the higher melting compounds need

to dissolve in the already liquid iron oxide, which requires

a long time. Moreover, it should be noted that the furnace

control is not exactly accurate: the uncertainty on tem-

perature can be approximately 10 �C and the control of the

partial pressure of oxygen, using a CO/CO2 gas mixture, is

even more challenging. These uncertainties can be taken

into account to a certain extent in the thermodynamic

calculations, as shown in Fig. 6. The variations of the

boundaries between the different regions in the phase

diagram at 1450 �C and a pO2
of 10-8 atm (red lines) are

denoted with dotted lines (temperature ± 15 �C and/or

log(pO2
) ± 0.5 atm). The composition, aimed for during

this experiment, lies close to the boundary between regions

(1) and (2), to obtain liquid alloy and liquid slag, but with a

reasonable amount of solid spinel particles, to avoid too

high viscosities.

To overcome problems involving the ease of melting

and related to the viscosity, a method of partial melting was

used, as illustrated in Fig. 7. During partial melting, the

system is melted in a multiple-step process. The targeted

mixture of compounds (composition B) that needs to be

melted is split into two parts. A low-temperature melting

part (composition A), close to the eutectic; and a high-

temperature melting part (composition C) containing the

remaining compounds. First, the low-temperature melting

part is mixed and brought to the operating temperature.

This low-temperature melting mixture is designed to be

fully molten from approximately 100 �C below the tem-

perature at which the experiment will be performed. When

this mixture is fully melted, the remaining compound

mixture (denoted as ‘additive’) is added stepwise. This will

increase the melting point of the system until the liquidus

temperature of the slag becomes equal to the operating

temperature. Adding more of the additive will result in the

Fig. 5 A schematic of the experimental setup for performing high-

temperature experiments in an Indutherm induction melting furnace.

Here, the insulation outside (1), water-cooled copper electromagnetic

coil (2), silicon carbide crucible (3), alumina crucibles (4), slag and

alloy (5), and extra equipment (6) are shown (Color figure online)

Table 1 Targeted composition

in wt% for the input compounds
Cu (wt%) Ag (wt%) Al2O3 (wt%) Fe (wt%) Fe2O3 (wt%) SiO2 (wt%)

24.6 1.4 18.6 9.4 26.9 19.1

Fig. 6 Ternary phase diagram

for the Fe–Al–Si–Cu system at a

temperature of 1450 �C and a

partial oxygen pressure of 10-8

atm. This diagram (solid) is

overlaid with the phase

diagrams of the system under

small variations of the applied

conditions (dotted). These

variations are ± 15 �C for the

temperature and ± 0.5 for

log(pO2
) (Color figure online)
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formation of spinel particles, and thus, also in an increase

in viscosity of the slag–spinel slurry. With the stepwise

addition, the addition of this high-temperature melting

mixture can be stopped before the viscosity of the liquid

becomes too high. This multiple-step process is visualized

in Fig. 7 for the Fe–Al–Si–Cu system at a temperature of

1400 �C and a partial pressure of oxygen of 10-8 atm.

With this method, an uncertainty on the exact position of

the boundary between region (1) and region (2) is allowed,

as long as this boundary lies between point A and point B.

The viscosity increases, and the addition of composition C

can be stopped in time. In this way, the volume fraction of

solid spinel in the liquid slag will never be too high to be

able to perform the rest of the experiment. The used masses

for this partial melting procedure are listed in Table 2.

Oxidation–Reduction

The control over the oxygen content and equilibrium of the

system is important because one of the suggested mecha-

nisms [11, 12] is the formation of a copper droplet and

spinel by the simultaneous precipitation of copper and

formation of spinel solid in an over-oxidized slag. To

replicate this phenomenon, the oxygen equilibrium partial

pressure in the system will be varied throughout the

experiment. For the copper to be precipitated, copper

should first be dissolved in the slag by oxidizing the sys-

tem, followed by reducing the system to lower in turn the

solubility of copper in the slag.

Thus, the Fe–Al–Si–Cu system will be first oxidized and

subsequently reduced by bubbling a CO/CO2 gas mixture

in the liquid system. The system was first oxidized with

pure CO2 for a period of 70 min, followed by a reducing

step of 60 min using a CO/CO2 gas mixture with a CO/CO2

volume ratio of 2. The total gas flow of the used gas in both

cases is 60 l/h. This will result in a supersaturated copper

solution from which copper droplets can easily precipitate

under the right conditions. The corresponding change in

equilibrium partial pressure of oxygen was predicted by

FactSage and is shown in Fig. 8.

The system starts with a partial pressure of oxygen of

approximately 10-9.35 atm. During the oxidation step, the

partial pressure of oxygen rises to a maximum of approx-

imately 10-6.25 atm after 70 min of oxidation. The rate of

oxidation slows down at higher partial pressures of oxygen.

When the reducing step starts, the partial pressure of

oxygen drops again. For this prediction, equilibrium was

assumed between the escaping gas mixture and the system.

Fig. 7 Ternary phase diagram

for the Fe–Al–Si–Cu system at a

temperature of 1400 �C and a

partial oxygen pressure of 10-8

atm. In the liquid region (1), the

isotherms of the liquidus surface

are shown (Color figure online)

Table 2 Amounts of the different compounds corresponding to the compositions of the low-melting temperature mixture (composition A), the

additive (composition C), and the targeted composition (composition B)

Cu Ag Al2O3 Fe Fe2O3 SiO2 Total

A start (g) 150.00 8.40 75.81 47.20 134.97 116.12 532.50

C additive (g) 0 0 37.55 9.94 28.41 0 75.90

B total (g) 150.00 8.40 113.36 57.14 163.38 116.12 608.40

B total (wt%) 24.65 1.38 18.63 9.39 26.85 19.09 /
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Thus, the exchange between the gas and the liquid system

is at its maximum and the presented change in equilibrium

oxygen partial pressure is the maximum change rate for the

oxygen partial pressure. It is expected that the real oxygen

content varies less quickly due to nonequilibrium effects.

The evolution of the phase fractions with the equilibrium

partial pressure of oxygen can also be predicted by Fact-

Sage, as shown in Fig. 9.

Moreover, the elemental compositional variations of the

different phases can also be predicted by FactSage, as

illustrated in Fig. 10. The element oxygen was omitted

from these calculations and the compositions were

recalculated.

Smelting Experiment

The previously calculated amounts of pure substances for

the low-smelting temperature composition are mixed and

put in the small alumina crucibles. The mixture is then

heated and melted by the furnace. During heating and

melting, a protective atmosphere is placed above the

mixture’s surface to protect it from oxidation by contact

with air. This is done by blowing a constant stream of pure

nitrogen over the surface. When the temperature of the

slag–copper system reaches 800 �C, the nitrogen stream is

replaced by a gas mixture of carbon monoxide and carbon

dioxide in the ratio: 40 l/h CO and 20 l/h CO2. Once the

bath becomes liquid, the additive was added in small steps

and in the meantime, the gas mixture was blown through

the slag to ensure faster mixing. The mixture was then left

to rest for 10 min, during which no gas was blown through

the slag. The slag was sampled by dipping a steel rod in the

slag and cooling it in water, as illustrated in Fig. 11. The

first dip sample of the slag also corresponds to the start of

the time reference (t = 0 min).

After the first dipping sample at t = 0 min, the oxida-

tive part of the cycle was started: the bubbling pipe is

lowered into the slag phase, and the gas mixture is swit-

ched to 60 l/h pure CO2. Above the bath, a 60 l/h N2

atmosphere was used. At 10-, 40-, and 70-min, dip samples

were taken. The 70-min sample was taken after switching

of the pure CO2 gas stream and letting the system decant

for 5 min. After this dip sample, the reductive part of the

cycle was started by blowing a gas mixture of 40 l/h CO
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Fig. 8 The calculated change in

equilibrium oxygen partial

pressure for the Fe–Al–Si–Cu

system during the course of the

high-temperature experiment at
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sequentially bubbled with a pure

CO2 gas for 70 min and with a

CO/CO2 gas mixture with a

volume ratio of 2. The gas flow
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and 20 l/h CO2 through the slag and keeping a 60 l/h N2

atmosphere above the bath. Dip samples were taken at 5,

10, 25, and 50 min after the start of the reductive part of

the cycle. The last dip sample was taken after a 5-min

decantation time after switching of the gas stream blowing

through the slag. The different times for these dip samples

are shown in Table 3.

Sample Preparation

Because the steel bar used for sampling is below the

melting temperature of the slag, a layer of solid slag

material is quickly formed around the steel bar. The bar is

dipped in the slag for about a second before it is transferred

to a bucket of water to cool the hot slag. Because of the
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Fig. 10 Prediction of the

composition of the slag, spinel,

and alloy phases according to

FactSage

Fig. 11 Schematic overview of

the sample collection by dipping

with a steel rod and quenching

in water. (1) slag phase; (2)

metal alloy; (3) dipping steel bar

which is then quenched in

water; (4) cold water; (5)

quenched slag particles; (6)

entrained metal droplets in the

slag microstructure; (7) solid

spinel particles in the slag

microstructure; and (8) attached

metal droplets to solid spinel

particles in the slag

microstructure (Color

figure online)
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quick cooling of the slag, the internal structure is frozen in

the state that existed at elevated temperatures. The solidi-

fied slag is recovered in small parts from the cooling. These

slag granules were dried in a drying chamber at 150 �C.

The obtained slag sample was embedded, ground, and

polished using 9- and 3-lm diamond pastes. The sample

was analyzed using light optical microscopy (Keyence

VHX-S90BE) and scanning electron microscopy (SEM;

FEG SEM JSM-7600F, JEOL). The latter was used in

combination with energy dispersive X-ray spectroscopy

(EDAX, EDX) to measure the phase compositions.

Results and Discussion

Microstructural Evolution During Oxidation

Representative LOM images for the four samples during

the oxidation part of the experiment are shown in Fig. 12.

Only a limited number of droplets are present, and those

present are small with a diameter of approximately 5 lm at

most. The number of droplets in the slag increases during

the course of the oxidation part of the experiment. Some

droplets were found to be unattached to solid spinel par-

ticles, whereas the majority of the droplets was attached to

spinel particles. Some BSE-SEM images are shown in

Fig. 13, and they also confirm these observations.

Some very small metal droplets appear over time, and

their size increases in time, which is in contrast with the

prediction by FactSage in Fig. 9. However, as the system

was left to rest before the start of the oxidative part of the

experiment, once the oxidation started by blowing pure

CO2 through the slag, the liquid slag was disturbed, which

in turn disturbed the underlying alloy layer, thus intro-

ducing small metal droplets into the slag phase.

Microstructural Evolution During Reduction

Representative LOM images for the four samples during

the reduction part of the experiment are shown in Fig. 14.

It is seen that the amount and size of copper droplets in the

slag increase during this part of the experiment, and the

diameter of the alloy droplets increases drastically. More-

over, the alloy droplets are mostly attached to solid spinel

particles, but some unattached droplets can also be noted.

The attached solid spinel particles also seem to increase in

size. However, the total fraction of spinel solids seems to

remain similar. Some BSE-SEM images are shown in

Fig. 15 and they also confirm these observations.

The fact that the spinel particles get bulkier suggests that

they grow during the reduction phase of the experiment,

similarly as the alloy droplets. This can be due to two

reasons or a combination of both. First, the equilibrium

fraction of the liquid alloy phase and solid spinel particles

in the system are higher at lower equilibrium partial pres-

sures of oxygen, as shown in the FactSage prediction in

Fig. 9. Second, as most of the alloy droplets are attached to

the solid spinel particles, it is possible that the reductive

Fig. 12 Optical images taken from the samples that were taken during the high-temperature oxidation part of the experiment (Color

figure online)

Table 3 Overview of the

different times at which the dip

samples were taken and the

corresponding sample number

Sample no. Oxidation Reduction

1 2 3 4 5 6 7 8

Time 0000000 1000300 3903600 7000000 501200 905300 2404300 5500600
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gas stream causes the reduction of copper dissolved in the

slag, which is counteracted by the oxidation of certain iron

oxides, which in turn can react with other slag components

to form solid spinel particles. The latter reactive origin was

suggested by De Wilde et al. [12, 13, 19] and was also

confirmed by Bellemans et al. [14].

Compositional Variation During Experiment

The SEM–EDX results for the compositions of the differ-

ent samples taken during the experiment are listed in

Table 4. The measurement of oxygen was excluded in

these measurements as EDX does not yield reliable results

for oxygen or other light elements.

Fig. 13 BSE-SEM images taken from the samples that were taken during the high-temperature oxidation part of the experiment (Color

figure online)

Fig. 14 Optical images taken from the samples that were taken during the high-temperature reduction part of the experiment (Color

figure online)

Fig. 15 BSE-SEM images taken from the samples that were taken during the high-temperature reduction part of the experiment (Color

figure online)
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The copper content of the slag increases during the

oxidative part and decreases during the reduction, which is

expected by the FactSage prediction shown in Fig. 10. The

iron content of the slag remains nearly constant. According

to the FactSage prediction, the Fe content should decrease

slightly, as some of the iron is used to form spinel solids.

The silicon content remains approximately constant, but a

slight decrease was predicted. Aluminum in the slag phase

decreases during the oxidative part and increases again

during the reductive part, where it is predicted to remain

constant. Thus, it looks as if the amounts of iron and alu-

minum were switched. In reality, more Al is incorporated

in the spinel than that predicted by FactSage. This can be

quantified by looking at the predicted Fe/Al ratio for the

spinel at a pO2
of 10-6 atm, which equals 60/40 = 1.5. The

ratio for the observed composition, on the other hand, is

55/45 = 1.22. It is possible that an interaction with the

alumina crucible is responsible for this variation. Heating

up the slag in an alumina crucible will dissolve part of it,

resulting in a higher amount of alumina in the slag, which

results in a higher driving force to incorporate this dis-

solved alumina in the spinel solids. After melting of the

slag, once the oxidation starts, the spinel solids within the

slag can no longer be formed, and some of the alumina will

precipitate against the crucible wall. Once the reduction

part of the experiment starts, spinel solids will form again,

reducing the alumina content of the slag.

The spinel solids contain an increasing amount of Fe

during the oxidative part, whereas this amount remains

nearly constant during the reductive part of the cycle. The

aluminum content in the spinel decreased during the oxi-

dation and increased during the reduction. This is also

shown by the FactSage prediction in Fig. 10. However, the

iron content during the reduction was expected to decrease,

which was not observed. This suggests a higher Fe content

than thermodynamically predicted, which could point

toward a reactive formation of the spinel solids. This

change in composition and the presence of a Fe-rich border

of the solid spinel particles were also observed by De

Wilde et al. [12, 14, 20].

It is clear that all metal droplets, whenever they are

observed (i.e., starting from sample 3), contain Ag.

Moreover, no Ag was observed to be dissolved in the slag

or spinel phases. The amount of Ag in the alloy droplets is

much lower than the initially targeted amount: 8.4 g Ag/

150 g Cu = 0.056. For example, the maximally measured

value of that ratio is 3 wt% Ag/91.5 wt% Cu = 0.033. The

amount of iron in the alloy increases as the oxidation takes

place and decreases again during the reduction. The latter

is in contrast with the prediction by FactSage in Fig. 10.

Table 4 Measured

compositions of the different

phases in the eight quenched

slag samples.

Sample Phase Fe Si Al Cu Ag

1 Slag 54.9 ± 0.4 24.5 ± 0.3 20.0 ± 0.7 0.6 ± 0.0 –

Spinel 51.5 ± 0.2 0.2 ± 0.1 48.2 ± 0.2 0.1 ± 0.0 –

2 Slag 56.6 ± 0.1 23.5 ± 0.1 19.2 ± 0.1 0.8 ± 0.1 –

Spinel 51.6 ± 0.2 0.3 ± 0.0 47.9 ± 0.1 0.1 ± 0.0 –

3 Slag 56.3 ± 0.1 23.0 ± 0.1 18.8 ± 0.1 1.9 ± 0.0 –

Spinel 52.2 ± 0.2 0.3 ± 0.0 47.3 ± 0.2 0.1 ± 0.0 –

Alloy 6.5 ± 0.6 0.8 ± 0.7 1.1 ± 0.9 89.8 ± 2.5 1.4 ± 0.4

4 Slag 55.7 ± 0.4 24.1 ± 0.9 16.6 ± 1.2 3.5 ± 0.2 –

Spinel 54.6 ± 0.0 0.4 ± 0.0 44.7 ± 0.1 0.3 ± 0.1 –

Alloy 7.3 ± 2.4 1.6 ± 1.7 1.5 ± 1.1 87.7 ± 5.4 1.9 ± 0.2

5 Slag 55.4 ± 0.4 23.1 ± 0.2 17.9 ± 0.4 3.6 ± 0.3 –

Spinel 54.7 ± 0.2 0.3 ± 0.1 44.7 ± 0.2 0.3 ± 0.0 –

Alloy 5.2 ± 0.5 0.3 ± 0.1 1.3 ± 0.6 90.6 ± 0.8 2.6 ± 1.4

6 Slag 55.9 ± 0.5 24.2 ± 1.6 16.8 ± 1.6 3.1 ± 0.6 –

Spinel 54.7 ± 0.2 0.4 ± 0.1 44.7 ± 0.3 0.2 ± 0.1 –

Alloy 6.5 ± 2.4 0.6 ± 0.3 2.5 ± 1.0 88.3 ± 3.5 2.2 ± 0.7

7 Slag 56.2 ± 0.1 21.3 ± 0.0 19.6 ± 0.3 2.9 ± 0.2 –

Spinel 54.1 ± 0.2 0.4 ± 0.1 45.3 ± 0.1 0.3 ± 0.1 –

Alloy 3.8 ± 0.5 0.3 ± 0.1 1.4 ± 0.9 91.5 ± 1.0 3.0 ± 0.2

8 Slag 56.3 ± 0.3 23.7 ± 0.4 18.1 ± 0.4 1.9 ± 0.2 –

Spinel 52.6 ± 0.1 0.3 ± 0.1 46.9 ± 0.2 0.2 ± 0.1 –

Alloy 3.8 ± 0.8 0.3 ± 0.0 1.2 ± 0.6 92.9 ± 0.6 1.8 ± 0.5

The measurement of oxygen was excluded in these measurements
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Moreover, the amount of Fe in the alloy is very high

compared with the prediction. This could be explained by

secondary X-ray fluorescence, which was already modeled

using Monte Carlo simulations for systems with small Cu-

particles in Fe-containing slags [21]. The behavior of the

other elements, on the other hand, is in accordance with

this prediction.

The origin of sticking droplets was proposed to be found

in a chemical reaction, as elaborated elsewhere [12, 13]. It

is suggested that dissolved Cu can be precipitated, resulting

from the reduction of the copper oxide, while the iron

oxides in the slag next to the copper droplet are oxidized to

form spinel solids, according to the following overall

reaction [12, 13]:

Cu2O; CuOð Þslagþ FeOð Þslagþ Al2O3ð Þslag

! Fe2þ; Cu2þ� �
Al3þ; Fe3þ� �

2
O4 þ Cu � alloy droplet

Furthermore, the fact that silver is present in a lower

concentration in the attached copper droplets compared

with the master alloys in this study indicates that the origin

of the attachment is not purely dispersive. Moreover, it is

almost impossible that the Ag would dissolve in such large

amounts into the slag, as illustrated by the SEM–EDX

measurements in Table 4. This is confirmed by the obser-

vations of Takeda et al. [22]. They showed that Ag dis-

solves slightly into the slag with a distribution coefficient

(=% in slag/% in Cu-Ag alloy) of the order ranging from

10-4 to 10-2 for partial pressures of oxygen ranging from

10-11 to 1 atm.

However, as Ag-diffusion cannot be excluded, a purely

reactive origin is possible, as is a combination of dispersion

and reaction. In the latter case, it is suggested that during

the first oxidative blow of the experiment, some Cu-Ag

alloy is introduced into the slag phase as small dispersed

alloy droplets. Moreover, the Cu dissolved into the slag and

during the reductive blow, this copper precipitates again.

The small alloy droplets, introduced in the slag, can be

considered as heterogeneous nucleation sites, where dis-

solved Cu can precipitate resulting from reduction of the

copper oxide, while the iron oxides in the slag next to the

copper droplet are oxidized to form spinel solids, according

to the overall reaction as suggested by De Wilde et al.

[12, 13] (cfr. supra).

Furthermore, an elemental analysis was performed to

check if any cooling effects or phase growth during cooling

did occur. The equilibrium fraction of the spinel phase

normally increases when the temperature decreases, i.e.,

during cooling, in the FactSage prediction shown in Fig. 9.

If the spinel solids would grow during cooling, a local

segregation of silicon is expected, because that element

does not occur in the spinel solids and would thus be

pushed out of the growing particle. This segregation of

silicon around the spinel particles in the cooled slag is

indeed observed in multiple locations, as illustrated in

Fig. 16.

The spinel solid indeed grew during cooling, as the

aluminum was depleted and the silicon was enriched at the

edge of the spinel particle. The dotted lines in the graph

show the composition of aluminum and silicon that are

measured in the bulk cooled slag of the sample, far away
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from any spinel particles or copper droplets. The segre-

gation effect is even more clear in the contained pocket of

slag inside the spinel particle.

From the cooled slag samples, the actual partial pressure

of oxygen present in the system can also be estimated by

fitting the measured compositions of the experiment to the

predictions of FactSage. As seen above, the slag around the

spinel particles may change in composition due to segre-

gation and particle growth. Thus, the measurement of the

composition of the slag phase to fit to the prediction by

FactSage is not an ideal choice. Therefore, the measured

compositions of the spinel particles were fitted to the cal-

culations of FactSage. As the main elements of the spinel

particles, the iron–aluminum weight ratio was used to fit

the equilibrium partial pressure of oxygen.

Before this fitting, the measured weight fractions were

corrected with the expected composition of the spinel

particles in the initial system, before oxidation or reduction

was started, as predicted by FactSage. This is done because

although the precision, i.e., the attainment of the correct

composition with a low statistical variability, of the EDS

measurement is generally quite good (± 0.2 wt%), the

accuracy, the appearance of systematic errors, of the

technique is low (± 2 wt%). Using the initially expected

spinel concentration as a benchmark, the weight fractions

obtained during the further course of the experiment can be

corrected. Then, the Fe/Al weight ratio is fitted to the

values obtained by FactSage calculated to obtain the actual

equilibrium pressures of oxygen present during the exper-

iment. The results are summarized in Fig. 17.

The general expected trend in change of equilibrium

oxygen pressure was followed during the experiment. The

expected equilibrium oxygen pressure of 10-6.25 atm after

70 min of CO2 injection at the rate of 60 l/h is not reached.

Instead, a maximum oxygen partial pressure of

approximately 10-7.16 atm is found. This lower oxygen

pressure can be expected as the calculated curve corre-

sponds with the maximum rate of oxygen exchange and the

actual oxygen transfer will always be lower due to

nonequilibrium effects. A possible mechanism here is that

during the reactive gas injection, only the liquid boundary

that is in direct contact with the gas takes up the oxygen

from the gas. This layer is oxidized to a large extent and is

characterized by a larger equilibrium partial pressure of

oxygen than the surrounding liquid system. This oxidized

layer is then transported to the bulk of the system where it

oxidizes the surrounding slag and spinel particles, while the

layer itself is reduced; this argument is similar to the

observations made by [23, 24]. This is a way in which the

equilibrium oxygen pressure is equilibrated over the whole

system due to convection. This would mean that the liquid

system would contain a complex structure of regions with

both high oxygen partial pressure and regions with low

oxygen partial pressure.

Conclusions

In this study, the attachment of copper droplets to spinel

particles in slags, retaining the sedimentation of the dro-

plets, is studied. A high-temperature smelting experiment

was executed for this. The methodology was adapted from

previous studies [15, 16] to enable us perform these

experiments with as few components as possible. The latter

is meant for a comparison with modeling results, for which

more components in the system entail more computational

time required.

Certain problems were encountered during the adapta-

tion of the experimental methodology, but these were

solved by considering thermodynamic modeling and the
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thermodynamic predictions

using FactSage
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use of the ‘partial melting’ method. During partial melting,

the system is melted in a multiple-step process. The tar-

geted mixture of compounds that needs to be melted is split

into two parts. A low-temperature melting part, close to

eutectic, and a high-temperature melting part. First, the

low-temperature melting part of the compounds is mixed

and brought to the operating temperature until it is fully

molten. Then, the ‘additive’ is added stepwise, resulting in

the formation of spinel particles and thus also in an

increase in viscosity of the slag–spinel slurry. With the

stepwise addition, the addition of this high-temperature

melting mixture can be stopped before the viscosity of the

liquid becomes too high.

The control over the oxygen content and equilibrium of

the system is important because one of the suggested

mechanisms [11, 12] is the formation of a copper droplet

and spinel by the simultaneous precipitation of copper and

formation of spinel solid in an over-oxidized slag. There-

fore, an oxidation–reduction experiment in the Fe–Si–Al–

O system with Cu–Ag droplets was executed. For the

copper to be precipitated, copper should first be dissolved

in the slag by oxidizing the system, followed by reducing

the system to lower the solubility of copper in the slag in

turn.

The amounts and sizes of copper droplets and spinel

particles increase during the complete experiment. This is

in accordance with the expectations from the suggested

mechanism during the reductive part, but during the oxi-

dation part, this is not expected. Because the system was

left to rest before the start of the oxidative part of the

experiment, it is possible that the disturbance of the

underlying alloy layer by the blowing of the gas through

the slag phase, introduces small metal droplets into the slag

phase.

During oxidation, iron oxide has a tendency to shift

toward Fe2O3, and the metallic copper is oxidized. During

the reductive part of the experiment, a lack of oxygen

becomes apparent, and because copper is more noble than

iron, Cu2O acts as oxygen donor for the oxidation of iron

oxide, thereby precipitating metallic copper:

2FeO ? Cu2O $ 2Cu ? Fe2O3. The resulting increase of

Fe2O3 leads to the formation of magnetite spinel particles

during the reaction with FeO. The former is also similar to

the reactions observed by Durinck et al. [25] for iron oxides

and chromium oxides. However, in this case, iron is the

nobler element.

The silver was added to the copper alloy as a trace

element to get more insights on the origin of the attach-

ment. The fact that this silver is present in the attached

copper droplets in a smaller concentration than in the

master alloy in this study indicates that the origin of the

attachment is not purely dispersive, and either a purely

reactive or a dispersion–reaction combination is possible.

In the latter, small Cu–Ag droplets were introduced in the

slag during the first oxidative blow. During the reductive

blow, these droplets then act as nucleation sites for a

simultaneous reduction of copper oxides into metallic

copper and the oxidation of slag oxides into more

stable spinel structures. In this way, the spinel solids grow

at the side of the Cu–Ag droplets, which in turn are enri-

ched with Cu and grow. This leads to copper droplets being

attached to spinel solids within the slag phase.
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