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ABSTRACT

The recycling and final disposal of different types of industrial waste play an
important role in decreasing environmental pollution all over the world.
Three different solid waste slags from steel industries situated in the Helwan area
(Cairo-Egypt), namely blast furnace slags, oxygen converter slags and arc furnace
slags were studied. The morphology of the collected slag powders was examined
using scanning electron microscopy (SEM). Surface characteristics of the slag
powders were measured through nitrogen gas adsorption and application of the
BET equation at 77 K. The thermal behaviour of the slag powders was studied with
the help of differential thermal analysis (DTA) and thermogravimetry (TG). Due to
the presence of some changes in the DTA base lines, possibly as a result of phase
transformations, X-ray diffraction was applied to identify these phases. The
sintering behaviour of the compact slag powders after isostatic pressing was
evaluated using dilatometry. The sintering and melting temperature of the studied
samples were determined using heating microscopy. The effect of changing
sintering temperature and of applying different isostatic pressures on the density
and porosity of the slag powder compacts was investigated.
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Introduction

The problems related to the management of solid waste all over the world have
grown at an alarming rate during the last decade calling for governmental and
nongovernmental intervention. In addition to that, awareness of the rapidly
increasing population and of the strong development of the industry calls for
immediate attention to avoid future hazardous situations of the waste problems.
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The most important sources generating the waste in Egypt are municipal waste from
urban, pre-urban as well as rural areas in addition to hazardous waste from
hospitals, agricultural waste, industrial hazardous and non hazardous waste [1].
Much attention has been directed in the last years to the re-use, recovery or
recycling of the waste, especially industrial solid waste such as slags and ashes.
Many investigations have been done to solve this ecological problem, however, the
general solution has still to be found. Much efforts have been made to close the
materials circulation in the biosphere, but at some countries, the handling of waste
by removing and dumping is still practice to a high degree [2,3]. Some authors have
proposed the utilization of some industrial waste, which can be handled as powders,
such as slags from iron and steel industries and ashes from the thermal treatment of
domiciliary waste or from coal thermal power stations for the production of glass
ceramics [4-9].*
For the case of iron and steel slags , which are industrial by-products, the rapid
development and increase of the metallurgical industry, which produces a vast
amount of them and make them available in large quantities, clearly evidenciates
that there is a great potential for their utilization. In the past, they were almost
exclusively used in the production of hydraulic cements and pavement, but recently
it became necessary to search for alternative uses of these materials. Studies are
being carried out to make use of them to produce composite residues materials with
a glass matrix as a promissory alternative, but many investigations in different
countries are still going on to find new and massive applications in the field of glass
[9-19], glass ceramics [20-34] and building ceramic products [35-41].

In the production of iron, the slags are separated in a molten state, as they float on
the metal at the upper part of the crucible, and, usually, they are rapidly cooled by
immersing them into water. In this way, granulated slags (vitreous material) with
grains of up to 5 mm are obtained. On the other hand, a slow cooling in air
produces a porous crystallized material which should be more interesting for
ceramic applications [27]. In the field of building ceramics, the use of slags is
studied in many countries such as, Japan [28], Germany [30], Hungary [31] Italy [32]
and Poland [34], In Egypt three important iron and steel slags, namely blast furnace
slags (granulated type), oxygen converter slags and arc furnace slags are produced.
The large quantities of air cooled iron slags available in Egypt induced us to search
for an application in the glass ceramic or ceramic industries.

The present work concerns the characterization of the three different slags and the
possibilities of their application in the field of ceramic technology.

Experimental Procedures

The solid slag pieces were firstly powdered by the means of mortar and then milled
3-5h in a rotary agate mortar. These powders were passed through stander sieve
having a diameter < 10 Jim. Table 1 shows the compositions of the different slag
powders. The sintering temperature of powder compacts was optimized using
heating microscopy. The different slag powders were pressed uniaxially at room
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temperature with the addition of 1 -2 drops of polyvinyl alcohol under a pressure of
about 80 MPa. Some of the compact bodies were then pressed isostatically under the
application of different pressures (200 - 600 MPa) before the firing process. The
compact samples were fired in air at a heating rate of 10 K/min. and soaking time
of 2h at the optimized sintering temperature (between 900 and 1100 °C in case of
blast furnace slags- and 1000-1200 °C for other types of slags). All the samples were
cooled down in the furnace.
Physico-chemical characteristics of the different slag powders using x-ray
fluorescence, x-ray diffraction, heating microscopy, differential thermal analysis,
thrmogravimetry and BET techniques, were studied.
The densification behaviour of the compact samples was determined according to
the procedure described in (German industry Norm) DIN EN 1094-4 ( 1994 ).

Experimental Results and Discussions

Chemical Analysis

The results of x-ray fluorescence for the three different slaas are shown in Table
(1).

Table (1):- Chemical compositions of the used slags

Oxide

SiO,
A1A
Fe2O,
TiO,
CaO"
MgO
K,0
Na,0
MnO
SO,
P A
ZnO
PbO
BaO

Blast furnace slags
[Wt.%]

35.19
11.71
0.45
0.44

34.84
2.43
0.55
1.60
4.95
0.51
0.11
0.03
0.00
8.80

Oxygen converter
slags

[Wt.%]
15.68
4.85
20.62
0.30

41.44
2.73
0.09
0.31
11.40
0.39
2.19
0.02
0.00
1.60

Arc furnace slags
[Wt. %]

12.90
6.58
27.81
0.64
33.15
11.66
0.00
0.00
6.70
0.10
0.50
0.03
0.00
0.30

As this table shows, the chemical composition of the blast furnace slags showed
silica (35.19 Wt.-%) and CaO (34.84 Wt.-%) as main constituents; alumina
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(11.71Wt.-%), BaO (8.8 Wt.-%) and magnesia (2.43. Wt.-%) are also present in
appreciable amounts. The sulfur (0.51 Wt.-%) content appear in the normal
percentage to be used in ceramic production. Low contents were found for FeO,
(0.45 Wt.-%), TiOj (0.44 Wt.-%), K2O (0.59 Wt.-%), P2O5 (0.11 Wt.-%) and ZnO.~
In case of arc furnace slags, the iron or iron oxide contents appear rather high
(27.81 Wt.-%) for the application in ceramic production. On the other hand, the
possible corrosion behaviour of the used platinum and aluminium container during
the thermal treatment of oxygen converter slags decrease the probability of using
this type of slags is the sintering or melting technology to produce ceramic or glass
materials.

Powder morphology

Fig. (1) presents SEM micrographs of the three slag types after 3h milling in an
agate mortar. As this figure shows, the particle size of the three different slags is in
the range 2-7 Jim. The specific surface area of the slag powder after their thermal
treatment for 2h at 200 °C is shown in Table (2). Although the mean size of the
particles is in the range of 5|̂ m. the specific surface areas are relatively low, which
indicates the non porosity of the investigated waste powders.

(a) (b)
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Fig. (1):- SEM micrographs of the used slag powders after milling
(a) Blast furnace (b) Oxygen converter (c) Arc furnace

Table (2):- Specific surface area of the different slags, which were thermally
treated at 200 cC/2h

Type of slag

Blast furnace
Oxygen converter

arc furnace

Specific surface area
nr/g
2.01
1.50
2.33

Differential thermal analysis and thermogravimetry

The changes in the structure and properties of the three different slag powders
under thermal treatment was examined by DTA-TG technique. The measurements
were carried out at a heating rate of 10 K/min. The DTA-TG curves of the slag
powders are shown in Fig. (2). These show no changes in the TG base line until
1200 °C for Blast furnace and to 1280 °C for oxygen converter slags (Fig. 2 a, b),
Above these temperatures, a small deviation of the base line can be attributed to the
melting of the examined materials (glassy temperature). The change in the base line
of the TG curve between 800 °C and 1300 °C in c a s W arc furnace slags (Fig. 3c
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is probably due to the oxidation process of the present iron metal and also due to
other phases deriving from the processing of the slags.
In the DTA curves, sharp endothermic peaks are observed by blast furnace slags at
about 1175 °C, in oxygen converter slags at about 1250 °C, and for arc furnace
slags at 1300 °C. These peaks could be attributed to the melting of the examined
slags and their transformation into a glassy state. On the other hand, the exothermic
peaks at a temperature of about 1100 °C for both oxygen converter and arc furnace
slags, and at 900 °C in blast furnace slags may be due to the crystallization of the
vitreous phases as well as the phase transformation to another crystalline structure,
which can be detected by x-ray diffraction analysis.

NtlibCH SlBultano Th«r»oanaly&ancpp. STft 489 HUH//
15

Fig. (2a):- DTA-TG curves of the iron slag powders (Blast furnace slag)
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Fig. (2b):- DTA-TG curves of the steel slag powders (oxygen converter slag)
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Fig. (2c):- DTA-TG curves of the steel slag powders (Arc furnace slag)

X-ray diffraction analyses

The crystalline structure of the investigated iron and steel slag powders before and
after calcination at a temperature lower than the melting temperature was studied
using x-ray diffraction technique, as shown in Fig'-. (3a) . X-ray spectra of the blast
furnace slags before calcination (Fig.3a), shows the presence of Gehlenite
(CaoAl,Si07), while after calcination at about 1100 °C, a marked increase in the
amount of Gehlenite occurred. .
In case of oxygen converter slag powders, Gehlenite (Ca2Al2Si07), Rankite
(Ca3Si207) and Srebrodol'skite (CaoFeX*.,) are observed (Fig. 3b) . The presence of
the Aluminium iron compound (Al86Fel4), manganese oxide (Mn,04), Magnetite
(FeFe2O4), calcium manganese oxide (CaMn,04), calcium iron oxide (CaFeOj),
Rhodonite (MnSiO3) and larnite (CaoSi02) after calcination of the oxygen converter
slags (Fig.3b) could be attributed to the crystallization of vitreous phases as well as
the reaction between the present phases to build these compounds.
X-ray spectra of arc furnace slags (Fig. 3C) showsthe presence of Plnstite (FeO),'
Periclase (MgO), Calcium magnesium aluminate (Ca^MgAUSi^O^), Larnite
(Ca,SiO4) and Gehlenite (Ca^USiO,) phases. The amount of these phases increased
after calcination.
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Fig. 3a:X-ray diffraction analyses of blust furnace slags
Before (I) and After (II) thermal treatment at 1000 °C/30 min.
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Fig. 3b : X-ray diffraction analyses of oxygen converter slag powders
Before (I) and After (II) thermal treatment at 1300 °C/3h
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Fig. (3c):- X-ray diffraction pattern of Arc furnace slags

Thermal behaviour of the slags using heating microscope

The axial shrinkage of the slag powder compacts in heating microscope is shown in
Fig. 4,5. By comparing the heating microscopy curves of the different slag powders
it can be seen that the sintering temperature of the blast furnace slags is about 100-
200 °C lower than that of the oxygen converter and arc furnace slags. The soften
and melting of the blast furnace slags takes place faster and also at a lower
temperature than for the other two types of slag powders (see Fig. 4, 5).
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Axial shrinkage of the different slag compact samples in heating
microscopy investigations
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Fig. 5:- Sintering and melting behaviour of the slag powders compacts obtained
using heating microscopy
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Dilatometric investigations

Dilatometric curves determined at constant heating rate of 10 K/min. for two
compact slags powder, namely blast furnace slag and arc furnace slag, after isostatic
pressing are shown in Fig. 6. The most important feature in these curves is the T-
simering' which were determined by the tangent line at the curve with the help of a
computer program. In the region (< T simering), a negligible shrinkage occurs but
passing the temperature, T (sintering), the curve of the blast furnace slag shows an
increase in the shrinkage, meaning a significant increase in densification behaviour
with increasing the temperature (> 940 °C) as shown in Fig. 6 . On the other hand,
for arc furnace slags the Tsintering region is not clear up to 1200 °C

These results show good agreement with the DTA-TG curves (see Fig2) and
also a tendency similar to heating microscope results (see Fig.4).
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Fig. 6:-Dilatometric investigations of the blast furnace iron slag powders
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Density and porosity of the slag powders

The theoretical density of the three types of slag were measured by means of an air
comparison pycnometer, after drying at 300 °C for 3 hours. A value of p=3.0442
g/cm3 for blast furnace slag, 3.5040 g/cml for oxygen converter slag and =4.0541
g/cm3 for arc furna.ce slag were obtained
The effect of sintering temperature and pressure on the density and porosity of
different slags is shown in Fig. 7.
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In case of blast furnace slags (Fig 7a), the density shows a value of about 2.9 g/cm\
which represent more than 95 % of the theoretical density as well as lower than 1
Vol. % of open porosity at a temperature of 1100 °C/2h and the application of
isostatic pressure (600 MPa). For oxygen converter (Fig 7b) and arc furnace slags
(Fig 7c), however the measured open porosity was more than 10 Vol.% even by
increasing the temperature to 1200 °C/2h and by application of an isostatic pressure
of 600 MPa.

Conclusions

The conclusions of this study can be summarized as follows:

-The high content of Fe or FeO: in steel slags (oxygen converter, arc furnace) as
well as their corrosive behaviour against refractories during the firing process,
requires more investigations for their treatment in order to find an application for
.he production of a new materials.

-The high content of gehlinite in blast furnace slag can cause fluxing during firing.
This may result in lowering the firing temperature and shorter firing times than
when using other raw materials in the preparation of ceramic bodies, which in turn
will result in an energy cost saving.

-Dense samples with low open porosity can be prepared from blast furnace slags at
a temperature range between 1000 and 1100 °C and by application of isostatic
pressing.

-To obtain relatively dense samples from the other slag types, the sintering
temperature must be higher than 1200 °C.

-The results of the sintering behaviour of the blast furnace slags show that this type
of slags appears to be a suitable raw material for use in the heavy clay industry for
making bricks, tiles, pipes and other ceramics bodies.

-The addition of other raw materials to the blast furnace slags must be studied and
optimized. Long term tests such as leaching behaviour, durability, aging ,...of the
produced ceramic bodies containing slag powder have to be carried out in order to
establish their performance in buildings and construction.
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