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The use of scanning electron microscopy in the study  
of the components of Zn-Pb slags on the example  

of slags from the dump in Bykowina (Ruda Śląska)

Introduction

In Upper Silesia, the area of today’s city of Ruda Śląska is one of the examples of  
a Zn-Pb industry development center. Metal ores were exploited here as far back as in the 
early Middle Ages, but the settlement really flourished at the turn of the eighteenth and 
nineteenth century. The metallurgical waste dumps remaining in the city date back to this 
period (Dworak and Ratka 1985; Dworak 1995; Jonczy 2022). At the beginning, weathered 
Zn-Pb ores (galmei) were exploited and smelted. Galmei ores represent a mixture of zinc 
oxides and silicates, dolomite and iron oxides and occur on the surface or at shallow depths 
so do not cause any problems during mining. There are two types of galmei: white and red –  
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rich in iron oxides (mainly hematite). Like in the whole Upper Silesia, the development of the 
zinc industry in Ruda Śląska took place in the eighteenth and nineteenth century, which was 
the result of using increasingly advanced mining technologies enabling the exploitation of 
deeper sulfide ores. Rich in zinc and lead sulfides, this raw material led to the establishment 
of numerous galvanizing plants in Ruda. They were, among others: Miłość, Karol, Godula, 
Hugo, Zorza Poranna, Dobra Nadzieja, Rozamunda; most of them began to operate in the 
years 1812–1842 and functioned until the nineteen-thirties. What is left of their operations 
are waste dumps (Pazdur 1961; Popiołek 1965). 

The technology of processing sulfide ores consisted of roasting the blend and further pro-
cessing in distillation furnaces. An important moment in zinc production technology was the 
development of the hydrometallurgical method (1880–1881), while in the nineteen-thirties, 
zinc production was based mainly on pyrometallurgical technology. In the years 1931–1935, 
a method for refining zinc was developed in the United States, and in the nineteen-fifties, 
a technology for the simultaneous production of zinc and lead in one production cycle, ISP 
(imperial smelting process) was developed. In Poland, the method based on the ISP shaft 
furnace was used in the nineteen-sixties; its use in the steelworks in Miasteczko Śląskie 
replaced metallurgical plants with muffle furnaces (Popiołek 1965).

The use of modern technologies of zinc ore exploitation and processing caused the zinc 
industry to develop on a large scale. However, the metallurgical process was accompanied 
by the generation of a significant amount of waste, especially metallurgical slag, which was 
initially not subject to any recycling. The slag was stored on dumping grounds without any 
plan or security for the storage site. To this day, traces of Zn-Pb ore metallurgy can be found 
in Upper Silesia, including in the remains of former works buildings, but above all, these are 
metallurgical slag dumps. Currently, as part of various pro-ecological programs, numerous 
activities are conducted aimed at, firstly, recovering areas occupied by dumping sites or 
integrating them into the surrounding landscape, and secondly, checking the possibilities of 
the economic use of Zn-Pb slags. 

Zn-Pb slags are a unique group of waste due to a differentiated phase composition as also 
different degree of components crystallization, which depends on the external conditions of 
cooling the slag melt. Phase composition mainly depends on the composition of the charge 
material including the type of additives and fluxing agents (Kucha et al. 1996; Cabała et al. 
2008; Ettler et al. 2009; Bleiwas and DiFrancesco 2010; Lin et al. 2015). In chemical compo-
sition, Zn-Pb slags often contain significant amounts of heavy metals (including Zn, Pb, Cd) 
accompanied by a certain amount of sulfides, which are oxidized to sulfates during the long-
term storage of waste in dumps. Sulfates migrate with atmospheric waters flowing around 
the dump, as well as with solutions infiltrating the dump (which is generally facilitated by 
the porous texture of the slags). Sulfates contribute to the acidification of the environment, 
which creates favorable conditions for the release and migration of heavy metals. In her 
works, Kicińska (2021) proves that large quantities of the slag in waste dumps may become 
an anthropogenic source of elements to be used in the future. However, at present they re-
quire protection against leaching and the washing out of the finest particles.
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The presence of metals and sulfur in Zn-Pb slags is often an obstacle to its use, inter alia, 
as a material for the production of aggregates. Additionally, the high degree of weathering of 
these slags causes them to crumble easily and their physico-mechanical properties are much 
lower than those of, for example, steel slags, which are successfully used to produce various 
types of aggregates.

Work on how to use Zn-Pb slags is still ongoing, but it seems that a good alternative to 
old Zn-Pb slag dumps is their protection and management. These types of activities have 
been and continue to be conducted in the dumping grounds in Ruda Śląska, which are an ex-
ample of a well-planned and successful revitalization. One of the dump reclamation process 
involved phytostabilization – additives reducing the bioavailability of heavy metals were 
added to the soil and then, selected species of grass with the ability to hold contaminants 
in the roots were sown. As a  result of this, the dump was transformed into a safe, green 
public space, with a network of walking alleys, resting places, playgrounds and a viewpoint 
at the top.

All activities related to the use of Zn-Pb slags require detailed knowledge of this mate-
rial. This especially applies to slags, which are a relic of metallurgy from the last century. 
Therefore, the analysis of the slag components requires the application of several, comple-
mentary research techniques (Jonczy and Stanek 2013, Jonczy 2016, 2018). In the case of 
this type of waste, the analysis of the phase and chemical composition is difficult because 
there is often no preserved historical information about the composition of the metallurgical 
charge and the smelting technology. An additional difficulty is the degree of weathering of 
the slags – during long-term storage, the phase components and glaze undergo significant 
transformations. Due to the analysis of the mineralogical composition of slags, it is neces-
sary to use a number of research techniques that will enable a precise understanding of this 
material. One of them is scanning electron microscopy. SEM, because of the possibility of 
obtaining high-resolution images of sample surfaces by recording secondary electrons (SE) 
or backscattered electrons (BSE) characterized by depth of field and high resolution (Koga 
et al. 2021; Ali et al. 2023; Łydżba-Kopczyńska et al. 2024), which is used in a wide range 
when testing various materials (Nadeau and Herguth 2004; Liu et al. 2010; Wu et al. 2017; 
Nocoń et al. 2023), especially during mineralogical research (Zdera 2013).

In this work, the authors focused on researching the phase composition of Zn-Pb slags 
from the old dump in Ruda Śląska using scanning electron microscopy. Moreover, the aim 
of the work was to compare the results of determining the phase composition of slags using 
SEM with the results of XRD analysis.

1. Characteristics of research area and material

The tests were conducted on samples taken from an unsecured waste dump on the border 
of two cities, Ruda Śląska and Świętochłowice. The dump is located in the eastern part of 
Ruda Śląska, in the Bykowina district (Figure 1). Until the end of the seventeenth century, 
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Fig. 1. Sketch with the location of Ruda Śląska  
(Ruda Śląska Location 2023)

Rys. 1. Szkic z lokalizacją Rudy Śląskiej

Fig. 2. Exposed slope of zinc waste dump in Ruda Śląska – Bykowina (photo A. Bartela)

Rys. 2. Odsłonięta skarpa zwałowiska odpadów pocynkowych w Rudzie Śląskiej – Bykowinie (fot. A. Bartela)
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the Bykowina settlement had been a hamlet of Kochłowice, until Donnersmarck founded 
a village there, originally named Dębowa Kłoda and later – Bykowina. In 1950, Bykowina 
was joined to the city of Nowy Bytom and in 1959, it became a district of Ruda Śląska. The 
material stored in the dump is waste from the Franz zinc plant, which operated in this region 
in the period 1876–1929 and was transformed into a porcelain factory in the interwar period 
(Popiołek 1965; Dworak and Ratka 1985; Dworak 1995).

Samples were taken from the exposed slope of the dump part located in the Bykowina 
district of Ruda Śląska. A total of thirty samples were collected from the exposed slopes of 
the dump (Figure 2).

The material stored in the dump consisted of highly weathered metallurgical slags after 
zinc and lead production, among which, three types were identified based on their macro-
scopic features (Figure 3 a–c). Slag 1 was characterized by a red-brown color, medium-sized 
grains and porous texture. Slag 2 was dark grey, fine-grained and its texture was massive, 
with a porous texture encountered only locally. Slag 3 was brown-grey, with a fine to medi-
um grain structure and porous texture.

2. Methods

The laboratory tests involved microscopic observations using scanning electron micros-
copy. The scanning electron microscopy tests were performed using a Mira III high-defini-
tion scanning microscope manufactured by Tescan equipped with an X-ray microanalysis 
system (based on energy dispersive X-ray spectrometry EDS) Aztek Automated produced 
by Oxford Instruments. SEM observations and photographs were made in micro-areas as 
both fracture and micro-section. Microphotographs were taken at a magnification from 20× 
to 10,000× using a BSE or SE detector. BSE backscattered electron images were taken for 
thin samples and secondary electron SEM images were taken for bulk preparations. Prior to 
the test, the preparations were dusted with carbon. 

a) b) c)

Fig. 3. a–c .Slag samples from waste dump in Ruda Śląska – Bykowina 
a) slag 1; b) slag 2; c) slag 3 (photo I. Jonczy)

Rys. 3. a–c. Próbki żużli ze zwałowiska w Rudzie Śląskiej – Bykowinie 
a) żużel nr 1; b) żużel nr 2; c) żużel nr 3 (fot. I. Jonczy)
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3. Results 

Observations by means of scanning electron microscope revealed a  fairly high level of 
porosity for all of the slags in question. Numerous, spherical pores of different sizes were iden-
tified. The distribution of the pores in the samples was not uniform; there were highly porous 
micro-areas as well as places with a low number of pores. Individual samples often showed 
alternating, layered distribution of micro-areas with and without pores (Figure 4. a, b). 

The presence of pores was connected with the occurrence of layers of liquid material rich 
in gas components in the slag alloy. As a result of rapid cooling and setting, the slag alloy 
undergoes degassing, this results in the presence of numerous pores in the slag. It was ob-
served that some pores were filled with recrystallizing minerals from the group of sulfates, 
carbonates and oxides. In all types of slag, the presence of numerous micro-cracks (usually 
occurring within the glaze) was also observed (Figure 5). 

Several micro-areas were identified in slag 1 that were vastly differing in chemical com-
position and phase component formation.

In the first analysed micro-area (Figure 6, Table 1), spinel crystallites could be observed 
that were rich in Fe, Al and Mg (points 92, 95), characterized by irregular shapes and fuzzy 
edges within which iron spinel crystallites were clearly visible (points 91, 94) (Figure 7. a, b).

It can be assumed that these were the alloy demixing zones. The analysis of the micro-
photograph around measuring point 94 showed a clear, sharp line dividing a single spinel 

a) b)

Fig. 4. a, b. Slag surface with visible pores (SE, magnification 100×)

Rys. 4. a, b. Powierzchnia żużla z widocznymi porami (SE, powiększenie 100×)
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Fig. 5. Micro-cracks occurred within the glaze (BSE, magnification 5,000×)

Rys. 5. Mikrospękania występujące w obrębie szkliwa (BSE, powiększenie 5000×)

Fig. 6. Microphotograph 1 (BSE, magnification 1,000×) – slag 1 

Rys. 6. Mikrofotografia 1 (BSE, powiększenie 1000×) – żużel nr 1 
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crystallite in two zones: rich in Fe, Al and Mg, and the zone containing mainly Fe with only 
minor admixtures of other elements. The crystallites were surrounded by glaze (point 93) 
consisting mainly of Si, Al, Ca, with Fe, Na and K admixtures. 

In the other analyzed micro-area (Table 2, Figure 8), there was a significant portion of 
glaze (point 99); its chemical composition was similar to that of the glaze from the first 
micro-area. 

The major components were Si, Al and Ca, with Na and K admixtures. Compared to the 
chemical composition of the glaze from the first micro-area, there was no Fe, but instead, Mg 
admixture was identified. Surrounding the glaze, there were fairly big, well-formed crystals 
of spinel rich in Al, Fe and Mg (point 102, Figure 8 and Figure 9), and fine crystallites of 
Fe-Mg silicates (points 100, 101, 103, 104). Substitutions of other elements in their inner 
structure, inter alia, Ti, could not be ruled out. The content of this element in the chemical 
composition of individual crystallites might exceed 8% (point 104). 

a)

b)

Fig. 7. a, b. EDS spectra of spinels – spectrum 92 and 94, slag 1

Rys. 7. a, b. Widma EDS spineli – widma nr 92 i 94, żużel nr 1
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Table 2. 	 Share of elements in measuring points according to Figure 8

Tabela 2. 	 Skład pierwiastkowy w punktach pomiarowych zgodnie z rysunkiem 8

Element
Content (mass %)

Spectrum 99 Spectrum 100 Spectrum 101 Spectrum 102 Spectrum 103 Spectrum 104

O 45.40 36.10 35.23 39.22 35.69 39.71

Na 0.64 – – – – –

Mg 0.13 13.94 15.05 10.24 17.07 6.78

Al 17.98 0.49 0.91 35.50 0.06 5.24

Si 23.35 16.61 17.98 0.66 18.23 15.70

P – 0.26 – – – 0.25

K 0.92 0.28 0.19 – – 1.82

Ca 11.59 0.30 0.16 – – 0.39

Ti – 2.37 0.32 0.30 – 8.46

V – – – 0.50 – –

Mn – 1.01 0.83 – 0.78 0.34

Fe – 28.64 29.34 13.58 28.17 21.30

Total 100.00 100.00 100.00 100.00 100.00 100.00

Table 1. 	 Share of elements in measuring points according to Figure 6

Tabela 1. 	 Skład pierwiastkowy w punktach pomiarowych zgodnie z rysunkiem 6

Element
Content (mass %)

Spectrum 91 Spectrum 92 Spectrum 93 Spectrum 94 Spectrum 95

O 35.30 33.49 43.98 29.33 31.75

Na 0.50 – 0.51 – –

Mg 0.88 9.64 – 1.28 6.08

Al 6.36 18.77 18.76 2.57 11.69

Si 8.42 0.19 21.34 0.25 0.25

K 0.70 – 0.24 – –

Ca 1.57 – 13.43 0.22 –

Ti 4.04 – – 5.67 1.66

Mn – 0.58 – – –

Fe 42.22 37.32 1.74 60.67 48.56

Total 100.00 100.00 100.00 100.00 100.00
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Fig. 9. EDS spectra of spinel rich in Al, Fe and Mg – spectrum 102, slag 1

Rys. 9. Widma EDS spineli bogatych w Al, Fe i Mg – widmo nr 102, żużel nr 1

Fig. 8. Microphotograph 2 (BSE, magnification 1,000×) – slag 1

Rys. 8. Mikrofotografia 2 (BSE, powiększenie 1000×) – żużel nr 1 
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Fig. 10. Microphotograph 3 (SE, magnification 1,000×) – slag 1

Rys. 10. Mikrofotografia 3 (SE, powiększenie 1000×) – żużel nr 1

Fig. 11. EDS spectrum – spectrum 4, slag 1

Rys. 11. Widmo EDS – widmo nr 4, żużel nr 1 
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The pores identified in the tested slags were often filled with recrystallizing minerals. 
Microphotographs 10 and 11 and also Table 3 shows a crystalline concentration of iron oxide 
which fills the space created during the degassing of the slag alloy.

Barite was also one of the secondary minerals crystallizing in the waste dump (Fig-
ure 12. a b, Figure 13, Table 4) which crystallized as fine plates on the slag surface or in the 
pores (points 25, 26).

Table 3. 	 Share of elements in measuring points according to Figure 10

Tabela 3. 	 Skład pierwiastkowy w punktach pomiarowych zgodnie z rysunkiem 10

Element
Content (mass %)

Spectrum 
2

Spectrum 
3

Spectrum 
4

Spectrum 
5

Spectrum 
6

Spectrum 
7

Spectrum 
8

Spectrum 
9

Spectrum 
10

O 42.62 43.90 23.78 1.29 46.34 36.24 37.95 36.12 15.94

Mg – – 0.30 – 11.43 0.48 11.57 13.37 0.24

Al 1.71 2.26 2.77 0.31 30.18 3.04 31.99 34.81 1.61

Si 1.83 1.66 2.45 – 1.63 2.02 1.38 0.76 1.66

P 0.33 0.41 0.21 – 0.15 0.24 – – –

S 1.21 1.30 1.50 – 0.08 1.05 0.23 – 0.68

Fe 52.30 50.48 66.13 98.39 10.19 56.93 16.89 14.94 79.87

Cu – – 2.87 – – – – – –

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

a) b)

Fig. 12. a, b. Microphotograph 4 a, b (SE, magnification a) 500×, b) 1,000× ) – slag 1

Rys. 12. a, b. Mikrofotografia 4 a, b (SE, powiększenie a) 500×, b) 1000×) – żużel nr 1
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Fig. 13. EDS spectrum – spectrum 26, slag 1 (point 26, according to Figure 12b)

Fig. 13. Widmo EDS – widmo nr 26, żużel nr 1 (punkt 26, zgodnie z rysunkiem 12b)

Table 4. 	 Share of elements in measuring points according to Figure 12

Tabela 4. 	 Skład pierwiastkowy w punktach pomiarowych zgodnie z rysunkiem 12

Element
Content (mass %)

Spectrum 25 Spectrum 26 Spectrum 27 Spectrum 28 Spectrum 29

O 39.74 31.79 47.11 41.42 56.55

Na – – – – 0.53

Mg – – – – 0.23

Al 1.36 2.08 5.51 4.40 6.88

Si 1.04 1.35 2.81 3.10 23.91

P – – – – 0.18

S 11.50 9.18 1.81 2.35 0.61

K – – – – 4.74

Ca 0.44 0.48 – – 2.11

Ti – – – – 0.99

Fe 7.62 25.03 42.77 45.73 3.27

Zn 0.17 – – – –

Sr 9.86 7.60 – 1.02 –

Ba 28.27 22.49 – 1.98 –

Total 100.00 100.00 100.00 100.00 100.00
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Fig. 14. Microphotograph 1 (BSE, magnification 5,000×) – slag 2

Rys. 14. Mikrofotografia 1 (BSE, powiększenie 5000×) – żużel nr 2

Table 5. 	 Share of elements in measuring points according to Figure 14

Tabela 5. 	 Skład pierwiastkowy w punktach pomiarowych zgodnie z rysunkiem 14

Element
Content (mass %)

Spectrum 
123

Spectrum 
124

Spectrum 
125

Spectrum 
126

Spectrum 
127

Spectrum 
128

Spectrum 
129

O 34.76 49.38 48.02 49.17 34.28 47.85 50.14

Na 2.07 0.79 0.11 0.73 2.21 0.84 0.61

Mg 3.01 0.10 0.14 0.20 2.80 0.34 0.15

Al 30.98 7.72 33.86 9.40 31.17 9.16 13.07

Si 0.27 34.02 16.18 32.92 0.27 31.22 29.39

K – 4.16 0.21 3.66 – 3.81 3.20

Ca – 1.74 – 1.72 – 1.54 1.39

Ti – 0.87 0,53 0,96 – 0.83 0.92

Fe 6.47 1.23 0.95 1.23 6.49 1.78 1.12

Zn 22.43 – – – 22.77 2.64 –

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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In slag 2, the presence of Al-Zn spinel (ZnAl2O4 gahnite) was clearly distinguishable 
(Figure 14, Table 5 and Figure 15). Gahnite crystals were well developed, idiomorphic and 
had a characteristic octahedral habit (points 123, 127). In the analyzed micro-area, poorly 
developed aluminum silicate crystallites were identified (points 125, 129), surrounded by 
silicate glaze (points 124, 126, 128).

In the micro-area presented in Figure 16 (Figure 16, Table 6), there were idiomorphic, 
well-formed aluminosilicate crystallites: rich in Ti (points 152, 154) and K (points 151, 156). 
Near them, a  prolonged crystallite of spinel rich in Fe and Al was identified (point 153)  
(Figure 17). The crystalline phases were surrounded by silicate glaze (point 155).

The slag had visible pores (Figure 18. a, b, Table 7) filled with isometric Al-Fe spinel 
crystals with heavy metal substitutions: Cu and Zn (points 49, 53). Between them, there 
were fine Fe-Cu oxide crystallites (points 48, 52) (Figure 19) as well as almost pure Cu  
oxide (point 54). Single SiO2 crystals (point 51) were observed. Crystalline phases occurred 
surrounded by glaze rich in Si, Al, Fe and Ca (point 50).

In slag 3, in the micro-area presented in Figure 20 (Figure 20, Table 8), there was glaze 
(points 213, 215) and clearly visible spherical Fe oxide precipitates (point 218) with Fe sulfate 
(point 216) (Figure 21). Very fine, point precipitates of Ti oxide (point 220) and Fe oxide 
(point 217) could be identified in the glaze, as well as crystallites with needle-like habit rich 
in Al and Si (point 219), which indicated the presence of mullite. Point 214 indicated the 
presence of gypsum. 

Fig. 15. EDS spectrum – spectrum 123, slag 2

Rys. 15. Widmo EDS – widmo nr 123, żużel nr 2
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Table 6. 	 Share of elements in measuring points according to Figure 16

Tabela 6. 	 Skład pierwiastkowy w punktach pomiarowych zgodnie z rysunkiem 16

Element
Content (mass %)

Spectrum 151 Spectrum 152 Spectrum 153 Spectrum 154 Spectrum 155 Spectrum 156

O 50.28 50.00 37.20 51.02 53.44 49.20

Na 0.62 0.18 1.37 – 0.13 0.25

Mg 0.21 – 4.08 0,53 – 0.12

Al 8.88 5.96 30.63 7.62 1.05 28.64

Si 32.01 13.36 0.79 12.44 44.92 18.82

P 0.16 – – 0.00 – –

K 3.89 0.73 – 0.45 0.09 0.72

Ca 1.46 0.25 – 0.23 – 0.26

Ti 1.00 28.28 – 23.71 0.37 0.68

Fe 1.49 0.59 13.52 1.41 – 1.31

Zn – – 12.41 1.93 – –

Zr – 0.65 – 0.65 – –

Total 100.00 100.00 100.00 100.00 100.00 100.00

Fig. 16. Microphotograph 2 (BSE, magnification 5,000×) – slag 2

Rys. 16. Mikrofotografia 2 (BSE, powiększenie 5000×) – żużel nr 2
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Fig. 17. EDS spectrum – spectrum 153, slag 2

Rys. 17. Widmo EDS – widmo nr 153, żużel nr 2

a) b)

Fig. 18. a, b. Microphotograph 2 a, b (SE, magnification a) 500x, b) 2,000×) – slag 2

Rys. 18. a, b. Mikrofotografia 2 a, b (SE, powiększenie a) 500x, b) 2000×) – żużel nr 2
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Table 7. 	 Share of elements in measuring points according to Figure 18

Tabela 7. 	 Skład pierwiastkowy w punktach pomiarowych zgodnie z rysunkiem 18

Element
Content (mass %)

Spectrum 
48

Spectrum 
49

Spectrum 
50

Spectrum 
51

Spectrum 
52

Spectrum 
53

Spectrum 
54

O 24.91 9.35 53.23 52.36 21.82 16.49 20.26

Na – – 0.74 0.14 – – –

Mg – – – – – 3.27 –

Al 9.44 4.10 6.23 1.20 7.45 30.63 1.85

Si 6.89 2.19 31.28 44.79 3.72 2.08 1.29

S – – – – – – 0.32

K – – 3.74 0.20 – – –

Ca – – 1.03 – – – –

Ti – – 0.72 0.40 – – –

Fe 22.95 78.61 3.02 0.91 11.96 32.98 5.31

Cu 35.82 – – – 55.05 7.02 70.97

Zn – 5.74 – – – 7.52 –

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Fig. 19. EDS spectrum – spectrum 52, slag 2

Rys. 19. Widmo EDS – widmo nr 52, żużel nr 2
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Fig. 20. Microphotograph 1 (BSE, magnification 5,000×) – slag 3

Rys. 20. Mikrofotografia 1 (BSE, powiększenie 5000×) – żużel nr 3

Table 8. 	 Share of elements in measuring points according to Figure 20

Tabela 8. 	 Skład pierwiastkowy w punktach pomiarowych zgodnie z rysunkiem 20

Element

Content (mass %)

Spectrum 
213

Spectrum 
214

Spectrum 
215

Spectrum 
216

Spectrum 
217

Spectrum 
218

Spectrum 
219

Spectrum 
220

N – – – – – – – 4.17

O 48.21 47.37 44.57 45.72 37.73 30.28 48.53 47.88

Na 0.36 0.18 0.16 – 0.12 – – 0.09

Mg 2.66 0.61 0.90 – 0.88 – 1.42 0.62

Al 11.38 3.14 5.39 – 3.42 – 25.91 4.28

Si 29.16 6.07 9.10 – 7.04 0.11 20.07 6.98

P – – – – 2.27 0.28 – –

S 0.10 18.49 10.89 20.19 2.24 – – 0.34

K 3.15 0.74 1.02 – 0.65 – 1.31 0.73
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a)

b)

Fig. 21. EDS spectra – spectra 216 and 218, slag 3

Rys. 21. Widma EDS – widma nr 216 i 218, żużel nr 3

Table 8. 	 cont.

Tabela 8. 	 cd.

Element
Content (mass %)

Spectrum 
213

Spectrum 
214

Spectrum 
215

Spectrum 
216

Spectrum 
217

Spectrum 
218

Spectrum 
219

Spectrum 
220

Ca 4.19 22.82 0.99 – 0.71 – 1.62 0.65

Ti 0.79 – 1.08 3.54 0.22 – 1.14 31.81

V – – 0.31 0.48 – – – 1.59

Cr – – 0.27 0.73 – – – –

Mn – – 0.79 1.41 – – – –

Fe – 0.59 24.52 27.93 44.73 69.33 – 0.86

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00



109Jonczy and Filipowicz 2024 / Gospodarka Surowcami Mineralnymi – Mineral Resources Management 40(2), 89–119

In the micro-area presented in Figure 22 (Figure 22, Table 9), there was cracking in the 
central part, filled with oxidized Fe compounds (points 182, 183, 190). Their form indicated 
that the cracking was refilled. Also, significant volumes of glaze with different chemical 
compositions were identified. In the bottom section of the micro-area, there was a clearly 
visible line between glaze 1 rich in Al, Si and Ca (point 180) and glaze 2 containing Si, 
Fe, Ca (point 189). Glaze 1 had isometric crystallites of spinel containing Mg, Fe and Al 
(points 179, 181). Spherical (point 186) or irregular (point 187) accumulations of iron sul-
fate could be identified around both types of glaze; moreover, glaze 2 had precipitates rich  
in Si and Fe. 

4. Complementary tests

As already mentioned, mineralogical and chemical research on slags requires the use 
of several complementary research techniques. Therefore, XRD tests were performed and 
the chemical composition of the tested slags was determined. The results are posted below.

Fig. 22. Microphotograph 2 (BSE, magnification 5,000×) – slag 3

Rys. 22. Mikrofotografia 2 (BSE, powiększenie 5000×) – żużel nr 3



110 Jonczy and Filipowicz 2024 / Gospodarka Surowcami Mineralnymi – Mineral Resources Management 40(2), 89–119

Ta
bl

e 
9.

 	
Sh

ar
e 

of
 e

le
m

en
ts

 in
 m

ea
su

rin
g 

po
in

ts
 a

cc
or

di
ng

 to
 F

ig
ur

e 
22

Ta
be
la
 9
. 	
Sk
ła
d 
pi
er
w
ia
st
ko
w
y 
w
 p
un
kt
ac
h 
po
m
ia
ro
w
yc
h 
zg
od
ni
e 
z 
ry
su
nk
ie
m
 2
2

El
em

en
t

C
on
te
nt
 (m

as
s %

)

Sp
ec

tru
m

 
17

9
Sp

ec
tru

m
 

18
0

Sp
ec

tru
m

 
18

1
Sp

ec
tru

m
 

18
2

Sp
ec

tru
m

 
18

3
Sp

ec
tru

m
 

18
4

Sp
ec

tru
m

 
18

5
Sp

ec
tru

m
 

18
6

Sp
ec

tru
m

 
18

7
Sp

ec
tru

m
 

18
8

Sp
ec

tru
m

 
18

9
Sp

ec
tru

m
 

19
0

O
43

.0
4

46
.2

7
43

.0
0

32
.6

1
33

.6
1

40
.2

5
39

.6
2

42
.5

5
45

.1
8

37
.7

0
44

.2
6

36
.4

8

N
a

–
0.

37
–

–
–

0.
28

0.
44

–
–

–
0.

32
–

M
g

10
.4

9
0.

12
10

.4
5

0.
55

1.
04

–
0.

99
–

–
1.

24
1.

21
0.

77

A
l

33
.9

2
18

.8
8

34
.9

0
1.

56
1.

04
5.

26
5.

81
0.

12
–

0.
61

7.
83

1.
74

Si
0.

44
21

.1
1

0.
10

2.
24

2.
84

9.
84

12
.5

7
0.

12
0.

09
12

.8
9

23
.6

6
5.

12

P
–

–
–

–
–

0.
14

–
–

–
0.

49
0.

25
–

S
–

–
–

1.
16

2.
21

4.
01

1.
88

16
.6

9
20

.2
0

0.
92

0.
14

3.
79

K
–

0.
47

–
–

–
0.

63
0.

57
–

–
–

4.
53

–

C
a

–
12

.1
9

–
0.

59
0.

46
1.

83
3.

08
0.

24
–

2.
72

7.
27

0.
27

Ti
0.

46
–

–
–

–
4.

23
0.

44
–

–
–

2.
24

2.
23

V
0.

44
–

–
–

–
–

–
–

–
–

–
–

M
n

–
–

–
–

–
–

–
–

–
0.

73
–

–

Fe
11

.2
1

0.
59

11
.5

6
61

.3
0

58
.7

9
33

.5
4

34
.5

9
39

.7
1

34
.5

2
42

.6
9

8.
28

49
.6

0

N
i

–
–

–
–

–
–

–
0.

57
–

–
–

–

To
ta

l
10

0.
00

10
0.

00
10

0.
00

10
0.

00
10

0.
00

10
0.

00
10

0.
00

10
0.

00
10

0.
00

10
0.

00
10

0.
00

10
0.

00



111Jonczy and Filipowicz 2024 / Gospodarka Surowcami Mineralnymi – Mineral Resources Management 40(2), 89–119

The identification of components using the X-ray diffraction method enabled deter-
mination of the types of specific phase components and their quantitative share in the 
composition of the slags. Additionally, the quantitative share of amorphous substance was 
determined.

The chemical compositions of the tested slags are presented in Table 11.

Discussion

The obtained test results using the SEM technique have shown that the phase composi-
tion of the analyzed Zn-Pb slags is significantly different. Within only one of the exposed 
slopes of the dump, the presence of three types of slag was found, characterized by differ-
ent phase compositions. Such differentiation is related to changes in the composition of the 
metallurgical charge, which may have changed over fifty years of operation of the works. 
At the beginning, the main ingredient of the charge may have been red calamines, and lat-
er – sulfide ores. It cannot also be ruled out that no scrap was added to the charge, which 
could explain the presence of metallic iron precipitates in the slags. The preserved histor-
ical sources do not specify this information, there are also no documents from the works.  

Fig. 23. Example diffraction pattern – slag 3

Rys. 23. Przykładowy dyfraktogram – żużel nr 3
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Table 10. 	 Phase components and their quantitative share in the respective slag types 

Tabela 10. 	Składniki fazowe i ich udział ilościowy w poszczególnych rodzajach żużli

Sample 
No. Phase composition Formula Quantitative 

share (%)
Standard 

deviation (%)

Slag 1

Amorphous substance – 57.4 0.7

Anorthite Ca[Al2Si2O8] 21.2 0.3

Gahnite, solid solution 1 Zn2+Al2O4 0.7 0.1

Forsterite Mg2[SiO4]  6.1 0.3

Leucite K[AlSi2O6] 0.8 0.1

Mullite Al6Si2O13 1.6 0.1

Quartz SiO2 0.8 0.1

Goethite FeOOH 6.9 0.2

Hedenbergite CaFe[Si2O6] 2.1 0.1

Gahnite, solid solution 2 Zn2+Al2O4 0.2 0.1

Spinel, solid solution MgAl2O4 0.6 0.1

Perovskite CaTiO3 0.2 0.1

Lepidocrocite (FeO(OH)) 0.6 0.1

Barite BaSO4 0.9 0.1

Slag 2

Amorphous substance – 69.1 0.4

Anorthite Ca[Al2Si2O8] 13.0 0.2

Gahnite, solid solution Zn2+Al2O4 4.1 0.1

Mullite Al6Si2O13 1.8 0.1

Quartz SiO2 1.5 0.1

Spinel, solid solution MgAl2O4 2.5 0.1

Tridymite SiO2 3.6 0.1

Cordierite Mg2Al3[AlSi5O18] 0.3 0.1

Cristobalite SiO2 3.0 0.1

Augite (Ca,Na,Mg,Fe2+,Al,Ti)2[(Si,Al)2O6] 1.0 0.1

Slag 3

Amorphous substance – 58.6 0.6

Anorthite Ca[Al2Si2O8] 22.1 0.3

Acmite (Na,Ca,Fe)6Zr[(OH,Cl)|(Si3O9)2] 1.7 0.2

Gahnite, solid solution Zn2+Al2O4 1.5 0.1

Forsterite Mg2[SiO4] 2.9 0.2

Celsian BaAl2Si2O8 0.4 0.1

Leucite K[AlSi2O6] 1.3 0.1

Mullite Al6Si2O13 1.0 0.2

Diopside CaMg[Si2O6]  9.4 0.3

Quartz SiO2 0.7 0.1

Goethite FeOOH 0.5 0.1
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Nevertheless, it can be stated that the scanning electron microscopy observation tech-
nique used allowed the obtaining of precise research results that enabled the characteriza-
tion of the phase composition of the slags. Using, inter alia, scanning electron microscopy  
(SEM/EDS), similar research was conducted by Ettler et al. (2002). Among the phase com-
ponents in pyrometallurgical slag produced 100–150 years ago from lead–zinc ores in the 
smelting region of Příbram (Czech Republic), they distinguished clinopyroxene, melilite, 
olivine, spinel and glaze. No melilites were found in the slags from Bykowina, but groups 
of spinels and aluminosilicates were observed. Slags from Příbram spinels were represent-
ed primarily by gahnite (up to 19.9 wt% ZnO), while in the analyzed slags, in addition to 
gahnite, spinels rich in Al, Fe and Mg were found. In zinc slag from Świętochłowice, Puzie- 
wicz et al. (2007) distinguished above all silicates, mostly synthetic analogues of olivine, 
melilite, pyroxene, feldspars, willemite and of the oxides zincite and spinel-group phases.  

Table 11. 	 Chemical composition of slags

Tabela 11. 	Skład chemiczny żużli

Component 
Content (mass %)

Slag 1 Slag 2 Slag 3

SiO2 24.55 52.62 36.73

Al 8.39 11.44 13.47

Ba 0.27 0.43 0.79

K 1.14 1.75 1.78

Mn 0.31 0.30 0.28

P 0.04 0.06 0.14

Pb 0.32 0.08 0.14

Sr 0.08 0.03 0.12

Ti 0.36 0.45 0.55

Zn 2.29 3.21 1.09

Zr 0.01 0.01 < 0.01

Ca 9.05 5.26 7.92

Fe 21.36 8.04 13.58

Mg 3.30 2.20 3.58

Na 0.32 0.26 0.28

C 5.76 0.29 2.84

Total 0.86 0.02 0.29
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Research on Zn-Pb slags from old dumps was also conducted by Warchulski et al. (2016); 
in the pyrometallurgical Zn-Pb slags from Katowice-Wełnowiec, they distinguished olivine, 
spinel series, melilite, clinopyroxene, leucite, nepheline and sulfides. 

In order to supplement the obtained research results and to compare them with other re-
search techniques, XRD analysis, which is also widely used in slag research, was performed. 
Based on XRD analysis, Espejel-García et al. (2022) conducted research on slags from an 
old smelter in Chihuahua, Mexico. The following components were described in these slags: 
hardystonite, melanotekite, sphalerite. In the tested slags from Bykowina, based on XRD 
analysis, it was found that in all the investigated slag types, the amorphous substance (glaze) 
was a major component; its share in slag 1 amounted to 57.4%, in slag 2 – 69.1% and in 
slag 3 – 58.6%. Other components were represented by silicate and oxide phases as well as 
secondary phases formed in the waste dump: sulfates and hydroxides. The crystalline phases 
in slag 1 included silicates: anorthite, forsterite, hedenbergite, and smaller amounts of: leu-
cite, mullite and quartz. Among the oxides, there were solid solutions of gahnite and spinel, 
as well as perovskite. Slag 1 also had secondary phases represented by hydroxides: goethite 
and lepidocrocite, and sulfates – barite. In slag 2, the phase components were dominated by 
silicates and aluminosilicates, represented by: anorthite, mullite, quartz with its high-tem-
perature variations – tridymite and cristobalite, as well as cordierite and augite. The oxides 
identified included solid solution of gahnite, solid solution of spinel. Slag 3 had numerous 
silicate and aluminosilicate phases; the most important being anorthite and diopside; the 
rest constituted about 1% and included acmite, forsterite, celsian, leucite, mullite, quartz. 
Oxide phases were represented by a  solid solution of gahnite, whereas secondary phases 
were connected with the presence of goethite. In conclusion, XRD analysis confirmed the 
presence of components that were determined during microscopic observations, e.g. phas-
es from the spinel and aluminosilicates group, mullite or barite. However, the presence of 
phases that were not observed during SEM tests, e.g. leucite and forsterite, was found. This 
can be explained by their occurrence in the form of tiny crystallites, unidentifiable during 
microscopic observations.

Analyzing the results of the chemical composition of tested slags, it was found that it 
reflects their phase composition. It could be stated that the major component of all the slags 
was SiO2 (24.55–52.62%) accompanied by Al, Ca, Mg, K and the heavy metals Fe, Zn, and 
smaller volumes of Pb and Ti. The content of sulfur in the slags was quite low, it did not 
reach 1% in any sample and ranged between 0.22% and 0.86%.

Conclusions

The following observations and conclusions were made based on the conducted re-
search:

1.	 Studies using SEM are examples of the key research techniques which can be used to 
analyze and describe the components of metallurgical slags.
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2.	 The conducted research revealed that the phase composition of the analyzed slags 
from the waste dump in Ruda Śląska – Bykowina was fairly diverse. The three types 
of slags identified by macroscopic observations; furthermore, microscope examina-
tion not only had different external characteristics but also different crystallite in-
ventory. The common characteristic for all three types of slags was the major glaze 
content exceeding 50% of content of all slag components. Similar results regard-
ing the glaze content in slags were recorded for the waste from the heap in Ruda 
Śląska – Wirek. The glaze that was the dominant component was also character-
ized by a  rich chemical composition, with Si, Al, K, Na and P, as well as S and 
heavy metals: As, Cd, Cu, Mn, Fe, Pb, Zn and Ti. It is also interesting that in the 
waste dump in Wirek, completely vitrified waste was discovered in the slags, this 
was mainly glaze with minor metallic precipitates and calcium silicate crystal nuclei  
(Jonczy 2022).

3.	 Observations using secondary electrons (SE) enabled characteristics of the surface 
morphology of the slags in question as well as morphology of its components. Gen-
erally, based on this, two areas with differentiated morphology were identified in the 
slags. There were fragments with coarse structure and visible crystallites of phase 
components and vitrified material with smooth, non-fractured surface and numerous 
regular-, round-shaped pores. The presence of areas with different structures indi-
cates a  diverse and two-step process of cooling the slag. The material containing 
crystallites cooled at a slower rate. This allowed initiation of the crystallization of 
the phase components, whereas the vitrified sections were formed as a result of rapid 
cooling of the slag with its simultaneous degassing which is exhibited by the presence 
of numerous pores. 

4.	 Based on the SEM observations, it can be concluded that the main component of the 
tested slags is glaze, but its chemical composition in the three distinguished varieties 
is slightly different. In the glaze of slag no. 1, three elements occur in the largest 
quantities – Si (over 20%), Ca (12–19%) and Al (14–19%). The glaze from slag no. 2 
is dominated by Si (over 30%), next to which, with several %, occur Al, K, Fe, Ca. 
Slag no. 3 glaze is generally rich in two elements – Al and Si.

5.	 In slag no. 1, among the silicate and aluminosilicate phases, fine crystallites of Fe-Mg 
silicates have been distinguished; in slag no. 2, aluminosilicate crystallites rich In Ti  
and K dominated, whereas in slag no 3 crystallites with needle like habit rich in  
Al and Si have been found. Their morphology and chemical composition indicate the 
presence of mullite. Mullite belongs to the group of island silicates which additionally 
contain another anion, [OH]- and F- in the case of mullite. This mineral is one of the 
products of kaolinite transformation, it crystallizes at 1000°C, is very durable and 
decomposes into corundum and SiO2 alloy at 1800°C. It had a typical fuel habit vis-
ible in SEM microphotographs (Figure 20, point 219). The presence of mullite in the 
slags was connected with the charge material, especially fluxing agents, as clay ma-
terials are often admixtures in carbonate rocks. In nature, mullite is a rare mineral,  
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it was identified in clay rocks sintered during underground fires of coal deposits  
(Duval et al. 2008, Mindat.org).

6.	 Of the oxide phases, spinels dominate in all slag types. They were represent-
ed by proper spinel, which forms polymorphic series with hercynite, and gahnite  
(ZnAl2O4). Theoretically, proper spinel contains 28.2% MgO and 71.8% Al2O3, but 
numerous isomorphic admixtures of Cr, Zn, Fe and Mn can be often found in its 
inner structure, which leads to the formation of many variations of this mineral with 
different macroscopic features. In the slags tested, besides Mg and Al, proper spinel 
contained major admixtures of Fe as well as hercynite – spinel rich in Fe and Al. 
Gahnite, identified in all the analyzed slags is a zinc spinel representing zinc and alu-
minum oxide. This mineral is rarely encountered in nature and is typical for contact 
metamorphized limestones and metasomatic ore veins and deposits (Mindat.org).  
Its presence was pronounced in slag 2. The gahnite crystals were well developed, 
idiomorphic and had a characteristic octahedral habit (Figure 22; points 123, 127).

7.	 The pores identified in slags were often filled with recrystallizing minerals represent-
ed by iron oxide (hematite) and also barite.

8.	 Additional tests using the XRD technique confirmed the presence of the components 
determined during microscopic observations and also showed the presence of other 
phases. This indicates that research on the phase composition of slags requires the use 
of several complementary research techniques.
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The Use of Scanning Electron Microscopy in the Study of the Components  
of Zn-Pb Slags on the Example of Slags from the Dump in Bykowina (Ruda Śląska)

K e y w o r d s 

scanning Electron Microscopy, metallurgical slag, phase composition

A b s t r a c t

 Scanning electron microscopy (SEM) enables the obtaining of high-resolution images of sample 
surfaces by recording secondary electrons (SE) or backscattered electrons (BSE) characterized by 
depth of field and high resolution. Observations using scanning electron microscopy are widely used 
in many fields of science. The authors show that scanning electron microscopy is also one of the key 
technique used in the study of the metallurgical slags components. The research was performed for 
three types of slag following the production of Zn and Pb collected from an old dump in Ruda Śląs-
ka – Bykowina. The slag components were identified, morphology and chemical composition of the 
crystalline phases were characterized and the chemical composition of glaze was determined. Based 
on observations using secondary electrons, two areas with diverse morphology were identified in slag 
resulting from the production of cast iron: fragments with coarse structure and visible crystallites 
of phase components, and a vitrified material with a smooth, non-fractured surface and numerous 
regular- and round-shaped pores. It was found that in the surroundings of the dominant glaze (rich 
mainly in Si, Ca and Al) in all types of slags, well-developed crystals of phase components can be 
distinguished: in slag no. 1, these are Fe-Mg silicates; in slag no. 2, they are aluminosilicates of Ti and 
K; in slag no. 3, the presence of fine needle-shaped crystals containing Al and Si was found, which 
indicates the presence of mullite. During the storage in the dumping ground, numerous secondary 
minerals crystallize in the pores of the slag. Pores are the remains of the degassing of the slag melt 
during its cooling – hematite and barite were identified among them.

Wykorzystanie skaningowej mikroskopii elektronowej w badaniach składników 
żużli Zn-Pb na przykładzie żużli ze zwałowiska w Bykowinie (Ruda Śląska)

S ł owa  k l u c z owe

skaningowa mikroskopia elektronowa, żużel hutniczy, skład fazowy

S t r e s z c z e n i e 

Skaningowa mikroskopia elektronowa (SEM) pozwala uzyskać wysokorozdzielcze obrazy po-
wierzchni próbek za pomocą rejestracji elektronów wtórnych (SE) lub elektronów wstecznie roz-
proszonych (BSE), charakteryzujące się głębią ostrości oraz wysoką rozdzielczością. Obserwacje 
przy wykorzystaniu skaningowej mikroskopii elektronowej znajdują szerokie zastosowanie w wielu 
dziedzinach nauki, autorzy pokazali, że skaningowa mikroskopia elektronowa to także jedna z klu-
czowych technik wykorzystywana w  badaniach składników budujących żużle hutnicze. Badania 
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przeprowadzono dla trzech rodzajów żużli po produkcji Zn i Pb pobranych ze starego zwałowiska 
w Rudzie Śląskiej – Bykowinie. Dokonano identyfikacji składników budujących żużle, scharaktery-
zowano morfologię faz krystalicznych, oznaczono ich skład chemiczny, jak również skład chemiczny 
szkliwa. Na podstawie przeprowadzonych obserwacji w żużlach wyróżniono dwa obszary o zróżni-
cowanej morfologii; obok fragmentów o chropowatej strukturze z widocznymi zarysami krystalitów 
składników fazowych, wyróżniono zeszklony materiał o gładniej, niespękanej powierzchni, w obrę-
bie którego występują liczne pory o regularnych, okrągłych kształtach. Stwierdzono, że w otoczeniu 
dominującego szkliwa (bogatego przede wszystkim w Si, Ca i Al), we wszystkich rodzajach żużli 
można wyróżnić dobrze wykształcone kryształy składników fazowych: w żużlu nr 1 są to krzemiany 
Fe-Mg, w żużlu nr 2 – glinokrzemiany Ti i K, natomiast w żużlu nr 3 stwierdzono obecność drobnych 
kryształów o pokroju igiełkowym zawierających Al i Si, co wskazuje na obecność mullitu. Podczas 
składowania na zwałowisku, w porach żużli, stanowiących pozostałość po odgazowania stopu żużlo-
wego w trakcie jego chłodzenia, licznie krystalizują minerały wtórne – zidentyfikowano wśród nich 
hematyt oraz baryt.




