
A R C H I V E S  O F  M E T A L L U R G Y  A N D  M A T E R I A L S

Volume 60

DOI: 10.1515/amm-2015-0383

Issue 32015

A.W. BYDAŁEK*,****#, W. WOŁCZYŃSKI**, A. BYDAŁEK***, P. SCHLAFKA****, P. KWAPISIŃSKI*****

ANALYSIS OF SEPARATION MECHANISM OF THE METALLIC PHASE OF SLAG IN THE DIRECT-TO-BLISTER PROCESS

ANALIZA MECHANIZMU WYDZIELANIA FAZY METALICZNEJ W ŻUŻLU ZAWIESINOWYM

The article discusses the structure of the slag in the liquid state, the properties and interactions within the slag. The analysis 
of structures occurring in slag suspension were presented with regard to differences in chemical composition in micro-areas. Two 
different mechanisms for formation of precipitates in Cu-Fe-Pb alloys during extraction were showed.
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W artykule omówiono strukturę żużli w stanie ciekłym, oraz właściwości i oddziaływania wewnątrz żużli. Przedstawiono 
wyniki analiz występujących struktur w żużlu zawiesinowym, w odniesieniu do różnic w składzie chemicznym w mikroobszarach. 
Wskazano na dwa różne mechanizmy tworzenia wydzieleń stopu Cu-Fe-Pb podczas ekstrakcji.

1. Analysis of the problems

1.1. Introduction

Increasing metallurgical yields and improving quality of the 
metals/alloys requires introducing numerous processes and tech-
niques during designing of solidification, melting and casting. 
These are, reported in literature, reducing metals oxides present 
within slags [1-3], melt protecting with fluxes [4], melt modifi-
cation before casting into foundry molds [5,6], riser protecting 
with insulating sleeves against surplus heat loses [7] as well as 
considering back-diffusion phenomena in solidifying metals 
and alloys [8]. The present paper deals with suspension slags of 
Cu production, their structure, composition, and mechanisms of 
extraction processes which proceed inside the slags. 

Suspension slag is formed during the extraction process 
of copper production in the melting flash. Then-formed sus-
pension slag is directed to the electric furnace-arc where it is 
decopperisied. Decopperisation causes the reduction of oxides 
forms of primarily copper, lead and iron and then segregation 
of a Cu-Fe-Pb alloy. The moment of slag contacting the layer of 
coke reduction (phase 1), the majority of Cu2O is removed and 
the total copper content of the slag decreases to approx. 2,0%. 

Over the next 4-5 hours (phase 2) of the process, the content de-
creases to approx. 0.8%. Following the tapping process (phase 3), 
the content keeps decreasing and reaches a minimum of approx. 
0.5%. The changes of concentration in the slag (particularly in 
phase 2 and 3) affect the structure and properties what have the 
decisive impact on the slag suspension decopperisation.

1.2. The structure of slag in the liquid state

The properties of the slag are determined by its structure. 
Slag structure can be described either by the molecular theory [1] 
or can be analyzed as electrolytes [2]. A.Bydałek and M. Brzózka 
[3] assumed that the slags in the liquid state were the boundary 
type of strong electrolyte solutions. In that case slag has ordered 
construction of the ion and tend to surround cations with oxygen 
ions. Small ions with high charge (Si4+, B3+) strongly attract 
oxygen and produce a significant density of their immediate 
environment. Large ions with low charges (Ca2+, Na1+) weakly 
attract oxygen.

Tiemkina [9,14] however, pointed that, the creation of 
a multi-component systems of ionic complexes- rather than the 
individual components of the ion- is still a major obstacle in the 
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analysis of local ordered conditions. Other studies [11-13] show 
occurrence of additional melted (melting) and breaking of silicate 
tetrahedral bridges. Such a phenomenon is enhanced particularly 
in the presence of compounds such as CaO, Na2O and K2O.

An important factor contributing to the formation of metal-
lic phases of solid slag may be also a segregation of the ingre-
dients during solidification process (including during eutectic 
solidification [14-17]). The existence of concentration gradient 
causes the diffusion in the solid state during the crystallization. 
At the same time, the diffusion phenomenon enhances elimina-
tion of segregation [17]. Segregation and diffusion affect mostly 
the changes of physico-chemical properties during the processes 
of slag-cleaning.

Considering the mentioned above aspects this article aims at 
the analysis of structures existing in the slag of direct-to-blister 
process, considering the differences in the chemical composition 
in micro-areas.

1.3. Properties and interactions

The impact of active ingredients of melting atmosphere on 
the processes occurring during the slag extraction, is a continu-
ous disruption of thermodynamic equilibrium between the slag 
(S), extracted metal-containing compound (WN), metal (M) and 
atmosphere (A) [15,18-22]. Physico-chemical properties of slag 
are depended on its structure. Meanwhile mass transfer processes 
are related to the properties of the entire system A-S-WN-M.

Simplifying the approach [2,23], the kinetics of extraction 
of slag and metal compounds, depends on the viscosity of slag. 
The composition of gases in the atmosphere [18] and interac-
tion with the extracted metal phase [25], as well as temperature 
[24], are main factors affecting viscosity. The complexes of e.g. 
MgO and SiO2 increase the viscosity [23,26] as well as surface 
tension [24], and are characterized by a high chemical affinity 
to Cu2O [23-25]. Meanwhile, other studies [26] have shown 
that there is no direct/clear correlation between viscosity and 
surface tension. In simple systems, an increased ratio of CaO 
/ SiO shows first decrease and then increase of viscosity, with 
surface tension steadily increasing. The impact of extracted metal 
in the slag phase might be described by the theory of so-called 
electrical double layer [1]. The difference in potentials detected 
at the interface, is described by Coulomb Dietl [27] and is as-
sociated with remoteness from equilibrium conditions. Decisive 
role was also attributed to mixing of slag and metal precipitates 
[28]. However, in that case, assuming the blending of slag with 
the extracted metal alloy excludes the Nernst approach. The 
temporal variability of S-M interactions can be also analyzed 
by means of Planck’s formula [10], which describes the work 
function of molecules transferring from one phase to another.

Analysis of separation mechanism of the metallic phase in 
the slag suspension is presented to identify the drivers of changes 
in the properties of the slag due to the suspension formed in the 
structure.

2. Analysis of the structure of slag

The composition of slag suspension is presented in Table 1. 
Samples were collected during charge of slag into electric fur-
nace. Then collected material was melted in an electric furnace 
under reducing conditions and cast into a metal mold.

TABLE 1

The basic chemical composition of the flash furnace slag 
used for analysis

Cu Ag Pb Fe S As

Slag, % mass 13,64 0,014 3,2 6,24 0,042 0,180

The structure shown in Figure 1 is a coat layer between the 
two test areas, distinguished during the research: area of coagula-
tion of spherical precipitates – mainly Cu-Fe-Pb (area I) and the 
isolation and crystallization area of metal phase – mainly Cu-Fe-
Pb (area II). The following figures show further distinguished 
areas. Figs 2 and 3 show the structures of area I, highlighting 
the region Ia – with no fermata-shape phases (Fig. 2), and the 
area Ib – with presence of fermata-shape phases (Fig. 3). Fig. 4 
shows results from the structure analyses of area II.

Fig. 1. The image of coat layer: I – coagulation area with spherical 
precipitates of Cu-Fe-Pb slag; Ia – no fermata-shape phase, and Ib – 
with the presence of fermata-shape phase; II – precipitates zone and 
crystallization of a Cu-Fe-Pb from the slag suspension

Figure 2 shows the structure of the dispersion of fine pre-
cipitates rich in silicon, iron, calcium, copper, and large metal 
separations containing copper, iron and lead – Cu-Fe-Pb alloy. 
Such structures characterizes with two types of precipitates of 
Cu-Fe-Pb. First type shows large – 100-150 microns – precipi-
tates separation. Second type – a small flocculent precipitates of 
Cu-Fe-Pb alloy – is of the size of approx. 5 microns.

The analysis of the chemical composition of areas surround-
ing these two types of precipitates (Fig. 2) showed differences in 
composition occurring in immediate environment precipitates. 
The first type of precipitates showed the following content: 
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Si – 20.2% Ca – 15.2% Fe – 10.7% Cu – 6.9%, Pb – 3.4%, 
K – 1.1%. Meanwhile, the surroundings of precipitates of second 
type were characterized with: Si – 21.1%, Pb – 13.1% Cu – 9.8%, 
Ca – 7.8%, Fe – 6.6%, F – 5.5%.

The structure of the area defined as Ib presented on Fig. 3, 
contains mainly crystalline fermata-shape structure (area 1 in 
Fig. 3c) with precipitates of the second type distributed at grain 
boundaries of Cu-Fe-Pb alloy. On the contrary, crystalline 
precipitates of first type (separation 3 in Fig. 3c) are distrib-
uted outside the structures of the Cu-Fe-Pb alloy. Chemical 
microanalysis of composition revealed the presence of dendritic 
fermata-shape (Si – 18%, Fe – 15.7% Ca – 10.9% Cu – 6.3%, 
Pb – 4.9%, K – 1, 9%) in crystal structures. The same analysis 
showed slag matrix being composed of Si – 17.2% Fe – 13.3% 
Cu – 10.9%, Ca – 10.6%, Pb – 5.9%, K – 2.7%.

The separations (as in Fig. 3a) indicating the dissolution of 
previously formed separating Cu-Fe-Pb alloy of the first type 
by the expansion of dendritic structure were found particularly 
interesting. Indirect evidence on such a mechanism could be mi-

croanalysis of separation that indicates lower copper content (Cu 
– 22%, more iron Fe – 11.4%, and lead Pb – 5.9%) in comparison 
with other precipitates (mean: Cu – 69% Fe – 4.5%, Pb – 3.5%).

Figure 4 shows structures of the II area – the area of separa-
tion and crystallization of a Cu-Fe-Pb alloy from slag suspension 
(Fig. 1). Microanalysis of the chemical composition of the whole 
area indicates the following content: Si – 18.3% Fe – 12.7% Ca 
– 10.6% Cu – 8.6%, Pb – 7.1% K – 2.8 %. Based on Fig. 4 the 
following sub-areas were identified within the II area:
– rods-type separating (1); silicon 18.3%, iron 12.7%, calcium 

10.5%, copper 8.6, 7.1 lead, aluminum 5.9%, magnesium 
3.0%, potassium 2.8%, zinc 1.6 %

– intestines-type separating (2); 36% iron, 8.7% silicon, 7.1% 
copper, 4.8% aluminum, 4.4% calcium, 3.3% magnesium, 
potassium 1.2%, lead 2.5%, zinc 2.6 %

– dark-gray “polygons” (3); silicon 20.3%, calcium 15.2%, 
10.7% iron, 6.9% copper, 6.1% aluminum, 4.5% magne-
sium, lead 3.4%, potassium 1.2%,

Fig. 2. The structures of Ia area with the spherical precipitates of Cu-Fe-Pb (according to Fig. 1 – no fermata-shape phase into the slag suspen-
sion): a) slag suspension with separation of the first type, b) second type of slag suspension with precipitates, c) the marked areas of analysis 
and the summary of chemical microanalysis

a)

c)

b)
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Fig. 3. Structure Ib of area with the crystalline precipitates according to Fig. 1 (presence of a suspension slag with the fermata-shape phase): 
a) slag suspension with large and small precipitates of the first and second type, b) the crystal fermata-shape structure of fine separation of 
the first type, with precipitates of second type being trapped in the spaces between grains, c) the marked areas of analysis and the summary of 
chemical microanalysis

a)

c)

b)

– gray filling areas (4); 20.12% silicon, lead 13.1%, copper 
9.8%, 7.9% calcium, 6.6% aluminum, 6.6% iron, 5.4% 
potassium, 1.1% magnesium, zinc 1 7%.
Separation of metallic Cu-Fe-Pb (5), both of the first and 

second type are visible as well- however the shape is clearly 
not spherical.

3. Summary

The analysis of suspension slag structures shows that there 
are two mechanisms formatting the metallic phases of Cu-Fe-Pb:
– direct separation and coagulation from the liquid slag (the 

region I in Fig. 1),
– separation by the presence of crystallizing slag matrix (area 

II in Fig. 1).

In the first case, copper rich separating is obtained (approx. 
70%), whereas in the second case separating is enriched – at the 
expense of copper content (copper approx. 50%) – by iron and 
lead. There are two types of precipitates to be distinguished: 
the large ones – bigger than 100 microns (designated as a type 
number one), and a few micrometers big, fine-dispersion ones 
(designated as a type number two). The analysis of the areas 
of short- and long-distance neighborhood of given precipitates 
were very interesting. They showed virtually homogenous 
composition around the precipitates formed directly from the 
liquid (Fig. 5a) and a variable composition in function of the 
distance as well as for the distribution, in the case of precipitates 
formed during crystallization of the slag fermata-shape phase 
(Fig. 5b and Fig. 6) 

It is interesting that the share of such components as sili-
con, sodium, potassium and magnesium in those areas is very 
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Fig. 4. Structures of II area with the crystalline precipitates in the slag suspension: a) slag suspension with large and small precipitates of the 
first and second type, b) the crystal structure of fermata-shape with fine separations of the first and second type c) the marked areas of analysis 
and the summary of chemical microanalysis

a)

c)

b)

variable. It could give a base for broader analysis of suspension 
slag in reference to already mentioned tendency to encircling 
oxygen cations by such ions as Si4+, Ca2+, Na1+, particularly in 
terms of characteristics of oxide reduction process in suspension 
slag. It might also justify an argument for necessity of creating 
highly reducing conditions during the decopperised process of 
suspension slag.

The analysis described above concludes with the thesis for 
further research: both coagulation and coalescence phenomena, 
as well as crystallization fermata-shape phases are responsible 
for the secretion of metallic phase in slag suspension. Thus, it 
should be possible to take into account the descriptions concern-
ing heterogeneity of concentration that occurs during the process 
of dendritic crystallization of such multiphase system as slag sus-
pension. It must be assumed that the segregation of components 
determines the properties of the Cu-Pb-Fe alloy that excretes 
in the slag slurry. Being in favor of fermata-shape phases, the 

processes of dissolution of Cu-Fe-Pb precipitates may also be 
the main causes of changes of viscosity of suspension slag.
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