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SUMMARY

Steel slags are by-products of the steelmaking process. To avoid unnecessary disposal, e.g.
into landfill, their chemical and physical properties should be exploited to support alternative 
uses. Steel slags can be recycled within the steel plant or used as construction material in 
roads, hydraulic engineering and different types of barriers, including landfill covers. A 
landfill cover consists of several layers, including a liner with low water and gas permeability 
in order to reduce methane and leachate emissions. Several studies have demonstrated that 
steel slags have good potential to fulfil such an application. However, there are questions 
regarding the stability of the slag minerals over long periods of time. A landfill cover must 
function well for many decades and centuries. In order to predict the long-term stability of 
steel slags as a landfill liner, laboratory experiments have been performed to study the effects 
of accelerated ageing of steel slag under controlled conditions. The factors investigated in the 
storage atmosphere were carbon dioxide content, relative humidity and temperature. The 
influence of leachate contact and ageing time were also assessed.  

This thesis reports the study of electric arc furnace slags and ladle slag from the production of 
high-alloyed tool steel after accelerated ageing for periods of three months and ten months. 
Mineralogy and leaching were studied using two different leaching tests, thermal analysis, 
acid-neutralization capacity assays and X-ray diffraction. For the ageing periods considered, 
the exposure of the slags to an atmosphere enriched with carbon dioxide had the greatest 
impact on leaching. In general, calcium, aluminium, sulphur and sodium leached from the 
slag matrix to the greatest extent while other metals such as chromium, nickel, lead and zinc 
were found at very low levels in the leachate. The leaching of calcium and aluminium reduced 
with increasing carbon dioxide level. Thermal analysis revealed the decomposition of 
carbonates. Weight and enthalpy changes were evaluated between 100 and 1000 °C. The 
buffer capacity of the steel slags, represented by the acid neutralization capacity (ANC 4.5) 
was not reduced after 10 months of ageing. However, the division of the titration into two 
steps revealed a shift of buffering zones for more highly aged samples, probably due to the 
formation of carbonates. The mineralogy of the investigated steel slags was complex with a 
large variety of mineral phases, principally calcium silicates, monticellite, periclase and a 
spinel phase. Other possible phases were gehlenite, merwinite, akermanite and iron. The 
existence of different solid solution is likely among the slag phases and can cause shifting of 
peaks in the X-ray diffractogram. Also, calcite was identified. Short-term carbonation has not 
shown significant impact on mineralogy despite of calcite formation.  

The results of the study contribute to a better understanding of the chemical and mineral 
stability of electric arc furnace slag and ladle slag in the environment of a landfill liner. The 
consequences of slag ageing include reduced leaching rates for certain elements. To predict 
the long-term behaviour of aged slag, the results of this study should be combined with data 
from two other sources - an ongoing ageing experiment that includes mechanical tests and a 
full scale field test at the Hagfors landfill. Additional analytical methods that can better 
characterise the mineralogy, for example scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX), should also be applied to better quantify the 
mineralogical phases and to determine which trace elements are most abundant in specific 
minerals. 





SAMMANFATTNING

Stålslagg är en restprodukt som kommer från ståltillverkningen. Den har kemiska och 
fysikaliska egenskaper som bör utnyttjas och som gör den lämplig för återanvändning, 
samtidigt som onödig deponering kan undvikas. Stålslagg kan återanvändas inom 
ståltillverkningen eller så kan den användas som konstruktionsmaterial i väg- och 
vattenbyggnadskonstruktioner eller i olika typer av barriärkonstruktioner som till exempel 
deponisluttäckningar. En deponisluttäckning består av flera skikt där tätskiktet ska ha en låg 
vatten- och gaspermeabilitet för att minska metan- och lakvattenutsläpp. Flera studier visar att 
stålslagg uppfyller dessa egenskaper och har potential att kunna användas i deponitäckning. 
Men det finns fortfarande oklarheter angående slaggmineralernas stabilitet över en längre tid. 
En deponitäcknings funktion förväntas vara stabil i många tiotals eller hundratals år. För att 
kunna förutsäga det långsiktiga beteendet för stålslagg i ett tätskikt genomfördes ett 
laboratorieexperiment vars syfte var att studera effekterna av accelererad åldring under 
kontrollerade förhållanden. De faktorer som studerades var koldioxidhalten, relativa 
luftfuktigheten, temperaturen, kontakten med lakvatten samt åldringstiden. 

I denna avhandling presenteras undersökningen av ljusbågsugnsslagg och skänkslagg, från 
framställning av höglegerat verktygsstål, efter tre respektive tio månaders accelererad åldring. 
Mineralogin och lakningsegenskaperna studerades genom två typer av laktester, termiska 
analyser, analys av syraneutraliserande kapacitet samt röntgendiffraktion. För de studerade 
åldringstiderna var det exponeringen av stålslaggen för en koldioxidrik atmosfär som hade 
den största inverkan på lakningsegenskaperna. Kalcium, aluminium, svavel och natrium var 
de ämnen som uppvisade den högsta utlakningen från slaggen medan metaller som krom, 
nickel, bly och zink endast fanns i väldigt låga koncentrationer i lakvattnet. Utlakningen av 
kalcium och aluminium minskade med en ökande halt av koldioxid. Termiska analyser visade 
på en nedbrytning av karbonater. Vikt- och entalpiförändringar mellan 100 och 1000°C 
utvärderades. Stålslaggens buffertkapacitet, representerad av den syraneutraliserande 
kapaciteten (ANC pH 4,5), reducerades inte efter tio månaders åldrande. Däremot visade 
uppdelningen av titreringen i två steg på en förskjutning av buffertområdena för de prover 
som åldrats tio månader, förmodligen på grund av karbonatbildning. Mineralogin för de 
undersökta stålslaggerna var komplex med en stor variation av mineralfaser, främst 
kalciumsilikater, monticellit, periklas och en spinellfas. Andra möjliga mineralfaser var 
gehlenit, merwinit, åkermanit och järn. Förekomsten av olika fastfaslösningar i 
stålslaggsmineralerna är sannolik vilket kan orsaka förskjutningar av topparna i 
diffraktogrammen. Kalcit identifierades också. Karbonatisering under en kort tid visade sig 
inte ha någon signifikant inverkan på mineralogin, förutom en viss kalcitbildning. 

Resultaten från studien bidrar till en bättre förståelse av stabiliteten för ljusbågsugns- och 
skänkslagg i den miljö som finns i ett tätskikt. Åldringen av slaggen resulterade i en reducerad 
utlakning av vissa element. För att kunna förutsäga det långsiktiga beteendet för åldrad slagg 
bör resultaten från den här studien kombineras med data från ett pågående åldringsförsök som 
inkluderar mekaniska tester samt ett fullskaligt fältförsök på Hagfors deponi. Analysmetoder 
som mer detaljerat kan karaktärisera mineralogin, till exempel svepelektronmikroskopi (SEM) 
och energidispersiv röntgenspektroskopi (EDX), bör också användas för att bättre kunna 
kvantifiera mineralfaserna och bestämma vilka spårelement som är vanligast i specifika 
mineraler. 
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1 INTRODUCTION

Steel slags are by-products of the steelmaking process. They are generated during the 
separation of molten steel from impurities such as carbon, phosphorous, silicon, sulphur and 
oxygen in the steelmaking furnace. This separation process is performed in several steps 
under either oxidising or reducing conditions by adding slag formers to the steel. The slag 
forms as a molten liquid and is a complex solution that solidifies upon cooling.

About 15.2 million tonnes of steel slag are generated in Europe every year (Euroslag, 2006). 
The chemical composition, mechanical properties and mineralogical properties of steel slag 
depend on the steelmaking process and treatment of the slag after tapping from the steel melt. 
Steel slags have physical and chemical properties that make them suitable for use in the 
construction of roads and impermeable barriers (Paper I). Such re-use of steel slags reduces 
the environmental impact of construction by replacing virgin construction materials (e.g.
gravel, granite) and avoids landfill disposal of the slags.
Another potential use for steel slags is to form a liner layer in the top cover of a landfill. A 
landfill cover consists of several layers, wherein the liner has low permeability to water and 
gas in order to reduce landfill gas and leachate emissions. However, before it can be used for 
such a purpose, the short and long-term chemical and physical stability of the specific slag 
must be known to ensure that the slag functions effectively. Such long-term performance 
depends largely on the mineralogy of the slag.  

An ageing experiment was performed as part of a research project in which electric arc 
furnace (EAF) slag and ladle furnace (LF) slag were utilised to build a barrier layer (liner) in a 
landfill cover. Specimens of EAF and LF slags from Uddeholm Tooling AB were prepared. 
The specimens were aged in the laboratory under different conditions. The aim of this study 
was to analyse the environmental and mineralogical properties of steel slags after different 
periods of weathering under laboratory conditions. The laboratory treatment was designed to 
accelerate very slow chemical and mineralogical reactions which occur under field conditions. 

A field test has been conducted to evaluate the material reactions under field conditions and to 
verify laboratory results. It comprised three test areas located at the municipal landfill in 
Hagfors, Sweden which is located close to the steel plant. Data from the field trial are not 
included in this report. 

Questions addressed in this thesis are: 

- Which factors affect the function and stability of steel slags in a landfill cover liner? 
- How are the slag properties influenced by the selected factors? 
- What do the findings indicate about the expected performance of steel slags as a low 

permeability barrier / liner in the short and long term?  

The steel slags which were studied originated from highly alloyed tool steel production, but 
they are similar to other steelmaking slags. Therefore, conclusions from this study can be 
extended to other steel slags. However, the mineralogy of each slag must be evaluated 
separately.
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2 FACTORS AFFECTING THE FUNCTION AND STABILITY OF STEEL SLAGS 
IN A LANDFILL COVER LINER 

Landfill closure requires the installation of an appropriate top cover to protect the 
environment. The type and function of the cover depend on the kind of waste contained by the 
landfill (e.g. inert waste, municipal solid waste (MSW) or hazardous waste) and the climate 
conditions at and around the landfill site.

For a municipal solid waste landfill, the top cover should consist of several layers including a 
vegetation layer, a protection layer, a drainage layer, a liner and a foundation layer (Fig. 1). 
The overall function of the landfill top cover is to act as a barrier, i.e. to minimize any 
interaction between the landfill body and the surrounding environment. There are several risks 
that may affect a top cover, such as temperature gradients and changes, desiccation, erosion, 
and mechanical stress due to uneven settlement. Settlements of the whole or parts of the waste 
body are common in municipal solid waste (MSW) landfills due to microbiological 
degradation.

• ~ 0,3 m  Vegetation layer: plant colonization, water magazine, 
protection against erosion 

• 1.5 m Protection layer: water magazine, protection against 
desiccation, freezing, root penetration, erosion of the layers below

• Geomembrane (~ 0,5-5 mm): layer separation
• ~ 0.4 m Drainage layer: collection and discharge of percolation 

water, prevent water standing on liner• Geomembrane

• 1.0 m Barrier layer, liner: minimize gas and water transport

• Geomembrane
• 0.5 m  Gas drainage, foundation layer: surface adjust-

ment, load distribution, gas transport

• ~ 0,3 m  Vegetation layer: plant colonization, water magazine, 
protection against erosion 

• 1.5 m Protection layer: water magazine, protection against 
desiccation, freezing, root penetration, erosion of the layers below

• Geomembrane (~ 0,5-5 mm): layer separation
• ~ 0.4 m Drainage layer: collection and discharge of percolation 

water, prevent water standing on liner• Geomembrane

• 1.0 m Barrier layer, liner: minimize gas and water transport

• Geomembrane
• 0.5 m  Gas drainage, foundation layer: surface adjust-

ment, load distribution, gas transport

• ~ 0,3 m  Vegetation layer: plant colonization, water magazine, 
protection against erosion 

• 1.5 m Protection layer: water magazine, protection against 
desiccation, freezing, root penetration, erosion of the layers below

• Geomembrane (~ 0,5-5 mm): layer separation
• ~ 0.4 m Drainage layer: collection and discharge of percolation 

water, prevent water standing on liner• Geomembrane

• 1.0 m Barrier layer, liner: minimize gas and water transport

• Geomembrane
• 0.5 m  Gas drainage, foundation layer: surface adjust-

ment, load distribution, gas transport

Possible materials

Soil, compost 

Soil, digested sewage 
sludge mixed with the 
finer fraction of slag 

Coarse slag (EAF), 
crushed construction 
debris

Ladle slag mixed with 
EAF slag 

Coarse slag (EAF)

Water balance

100% precipitation 

70% evaporation 
and root uptake 

25% drainage 
water 

5% leachate 

Figure 1 Landfill cover layers and their functions in a cover construction with a mineral 
liner, examples of alternative materials and water balance for different layers 
(Andreas et al., 2005) 

The liner, or barrier layer, is a vital component of the landfill cover. It must act as a barrier to 
gas and leachate emissions over a very long time and under various climate conditions and 
therefore must be protected carefully. The protection layer works as a water reservoir and 
protects the liner from desiccation, root penetration and damage due to freezing. The highly 
permeable drainage layer prevents water from persisting on the liner and should, if possible, 
be free of oxygen in order to prevent roots from penetrating the liner. 

The environmental conditions above and below the liner layer will be different. The climate 
above the liner and on the liner surface is mainly influenced by the external climate and by 
processes in the layers above. As the protection layer stores the bulk of precipitation, the 
atmosphere above the liner will be water-saturated and rarely dry or of low relative humidity. 
The gas composition is expected to be similar to air, except during the first few years after 
covering when small amounts of landfill gas may be emitted through the liner and oxygen 
consuming conditions can exist in the protection layer. 
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The environment below the liner will contain reducing conditions. Landfill gas, containing 
mainly CO2 and CH4, is formed during biochemical degradation of the waste. It is usually 
water-saturated when it rises from the waste body. Hence, the atmosphere below the liner is 
characterised by increased temperature, high humidity and landfill gas composition. Over 
time, the temperature will approach the temperature of external, ambient air. As biochemical 
degradation decreases, the atmosphere will slowly change towards oxidising conditions and 
this situation will persist in the long term. 

Some of the factors that can affect the liner directly are explained more fully below. 

Liner material 
As well as possessing low hydraulic conductivity, mechanical and chemical stability are im-
portant properties for good liner performance. Other factors that influence liner function 
include dry density, particle size distribution, surface area, water content during compaction 
and shear strength. An even grain size distribution contributes to good compaction properties. 
A high content of fine particles provides a large active surface for possible cementitious 
reactions, which can be estimated by using the basicity ratio (Paper I). Cementitious materials 
have a high chemical buffering capacity, i.e. the ability to neutralise organic acids from 
landfill leachates, and also low permeability (Ganjian et al., 2004). Compaction is required to 
achieve a low hydraulic conductivity for cementitious materials. The high density created by 
compaction and cementation also reduces reactions between the liner material and its 
surroundings (e.g. by gas and water migration) and therefore decelerates ageing. Liner 
materials should also have sufficient mechanical strength during construction (e.g. to support 
vehicles during construction) as well as good tensile strength in order to resist settlements 
(Ganjian et al., 2004). Another desirable property is the ability to self-repair in case of crack 
formation in the barrier.  

After construction of the landfill cover, reactions between the waste and the liner will 
continue for decades or even hundreds of years. Calcite is anticipated to form in the liner in 
the short and long term. After complete calcification of the liner and buffering of the 
carbonated minerals, decalcification (i.e. dissolution of calcite) will occur due to the depletion 
of buffer capacity. Over a very long time period (thousands of years), oxidising conditions 
will be established and the dissolution of calcite phases will occur. Metals that were 
incorporated in the carbonates may be released at this late stage. (Paper I).

Water balance
The water content of the liner and its surroundings is important for chemical reactions to take 
place. Water will reach the liner due to the percolation of precipitation downwards through 
the upper layers. As the vegetation layer and protection layer store water, only about 25% of 
the precipitation is estimated to reach the drainage layer and thus the liner. A limited amount 
of this water will percolate through the liner. The atmosphere below the liner is likely to be 
water saturated as long as biochemical processes take place within the bulk waste.  

Redox potential and pH value
The pH and redox potential in and around the liner will change over time and influence the 
mobility of elements and compounds in the liner material. Positive redox potentials and low 
pH are associated with increased metal mobility. Many metals, e.g. Ca, Mg, Mn, Fe, B, Ni 
and Co, exhibit greater mobility at low pH values. Some metals, such as Al, Cd, Cu, Pb and 
Zn, are mobile at both low and high pH values (Eighmy et al., 1995). The reducing conditions 
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in biochemically active landfills often lead to the precipitation of metal ions (as e.g. metal 
sulphides) with low metal concentrations in the leachate as a consequence. 

The redox potential below the liner is determined by the biological degradation processes in 
the landfill and, similarly to pH, changes over the life span of a landfill. When the cover is 
constructed, the conditions at the top of the landfill are predominantly oxidising and about 
neutral pH. However, within a short time, reducing conditions are created by microbiological 
degradation, which rapidly consumes the remaining oxygen in the pores of the waste. If the 
waste contains high proportions of easily degradable organic material, acidic conditions may 
arise and persist. When methanogenic conditions become established, conditions of neutral or 
slightly alkaline pH prevail for decades. When the degradation processes cease, gas 
production decreases to zero, air intrudes into the landfill and an oxidising atmosphere is re-
established. Oxidation may lower the pH slightly again.

The conditions above the liner are expected to be less reducing than those below the liner, 
where an anoxic atmosphere is probable. CO2 levels are expected to be lower above the liner. 
The concentrations of dissolved substances in the drainage water are influenced by the 
material in the layers above. The drainage layer material also affects the pH.  

Ionic strength 
The ionic strength of the water that is in contact with the liner affects its potential to dissolve 
components from the liner material. Landfill leachate usually has a higher ionic strength than 
the rain water that percolates through the upper layers of the cover. However, the water in 
contact with the lower side of the liner will mainly be condensate from the landfill body and 
should have low ionic strength as well. The ionic strength depends on the charge of all ions 
present in solution (e.g. H+, Na+, K+, Ca2+, Cl-, NO3

-, SO4
2-) and their concentrations. The 

solubility of minerals increases for ionic strengths up to 1 because the mean ion activity 
coefficients decrease. For solutions with ionic strength greater than 1, solubility decreases 
because of increasing activity coefficients for ions such as H+, Na+ and Ca2+ (Appelo and 
Postma, 2005).  

According to Ecke (2001), ionic strength is not affected by carbonation (disregarding the 
contribution from Ca2+ ions). However, in the long-term, the rate of calcite dissolution due to 
hydrogen ions (decalcification) will be significant and may increase by several orders of 
magnitude as a consequence of increased ionic strength and reduced activity coefficients 
(Krauskopf and Bird, 1995; Drever, 1997).

The water above the liner is characterised by NO3
- and SO4

2- which are dissolved by rain 
water as it percolates through the vegetation and protection layer. Cation complexes (e.g.
CaSO4) may form and lower the activity of ions in the solution, thus increasing the solubility 
of those minerals that contain one of the complexed species (Appelo and Postma, 2005). 

Temperature
The temperature beneath the landfill cover and the liner depends upon the internal 
temperature of the landfill body and, to a certain extent, on the external temperature, 
attenuated by the layers above. The most significant, temperature-related threats to the 
integrity of the liner are desiccation due to high temperatures and freezing due to insufficient 
insulation from the protecting layers above the liner. Temperatures above 40 °C can occur 
within the landfill as a result of oxygen ingress and subsequent oxidation of methane. 
Freezing can occur if the liner is built during winter and if the construction of the layers above 
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is inadequate. Freezing and desiccation can result in the formation of cracks and thus 
deterioration of the sealing capability of the liner. Normally, heat generated from within the 
landfill body will maintain the cover liner temperature above freezing as long as the 
degradation processes continue. Temperatures measured below the liner of two different 
landfills in southern Sweden were about 25 °C (Travar, 2006) and about 18 °C (Paper III). 
Temperatures within the protection layer of both landfills never fell below zero during six 
years after covering (unpublished data). 

Apart from its impact upon the integrity of the liner, temperature also affects the rate of 
chemical and mineralogical changes in the liner. For example, temperature influences the rate 
of calcification of alkaline minerals. While an increase in temperature decreases the solubility 
of CO2 in water, it also increases the leaching of ions such as Ca2+ from minerals and thereby 
increases the rate of carbonation (Huijgen et al., 2005; Paper I).

Composition of the surrounding atmosphere 
The landfill gas is water-saturated and contains high proportions of CO2 and CH4. Its 
composition is influenced by the waste composition, the type of degradation and gas transport 
processes. MSW waste is an organic-rich substrate dominated by cellulose. The 
decomposition of cellulose produces equal proportions of CO2 and methane, while the 
degradation of proteins and lipids increases the content of methane (Lagerkvist, 2003). The 
water solubility of CO2 greatly exceeds that of methane, which may reduce the CO2 content of 
the landfill gas. 

Within a landfill, microbiological processes change over time leading to variation in 
composition of the gas. Acidic degradation mainly results in the generation of CO2 and 
hydrogen, especially if the substrate contains predominantly easily degradable organic matter. 
By the time that they are closed, most landfills will have passed this stage and microbial 
processes will be dominated by methanogenic degradation. The gas composition during this 
phase is dominated by CO2 and CH4 (Farquhar and Rovers, 1973). When the organic substrate 
has been consumed, gas generation will cease and air can slowly enter the landfill body. The 
rate of gas generation is correlated to temperature and water content, so that very low 
temperatures and water levels decrease microbiological activity, heat release and gas 
production.

Factor choice 
Of the factors that may significantly influence the function of a top cover liner, the liner 
material, relative humidity, CO2 content of the internal atmosphere, temperature and water 
quality were investigated in the laboratory experiments. The factors and their experimental 
ranges are summarized in table 1.  

A mixture of EAF and LF slag from Uddeholm Tooling AB was selected as liner material 
based on material characterizations made in earlier studies (e.g. Andreas et al., 2005) that 
judged the slags suitable for such construction. Mixing the two different slag types was 
necessary to reach a sufficient mechanical stability. In the mixture, EAF slag acts as aggregate 
and LF as binder. Since compaction must be applied to reduce the permeability of the liner, 
the samples investigated in the ageing experiment were also compacted. The effects of 
temperature and water were studied by varying both temperature and relative humidity of the 
atmosphere in which the samples were aged. The influence of water quality on the properties 
of the steel slag was assessed using distilled water for half of the specimens and leachate for 
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the rest. The impact of gas composition was studied by using pure CO2, a mixture of CO2 and 
nitrogen, and air. 

3 INFLUENCE OF SELECTED FACTORS ON THE STEEL SLAG PROPERTIES 
UNDER LINER CONDITIONS 

The impact of CO2, relative humidity, temperature, and water quality on the chemical and 
mineralogical properties of the compacted steel slag after different periods of time was 
studied using two different leaching tests, measurement of the buffer capacity and 
mineralogical analyses. Each test is described briefly below, including a short description of 
materials (3.1), experimental design (3.2) and analytical methods (3.3). The results are 
presented in chapter 3.4 and discussed in 3.5. A detailed description of design, sample 
preparation and methods can be found in Appendix I.  

The mobility and leaching behaviour of the material at its natural pH were investigated using 
a 24 h batch leaching test (SS-EN 12457-4) at a L/S ratio of 10, which allowed fast and 
uncomplicated assessment of the leaching behaviour. A L/S ratio of 10 or greater is unlikely 
to occur in the landfill over a short time, but since a landfill cover is expected to function for 
very long periods of time, such a condition was considered. The test assessed leaching 
concentrations occurring at high redox potential, alkaline pH and in the presence of limited 
levels of CO2.

The impact of ageing on the strength of the chemical bonds (i.e. the distribution and mobility 
of different metals) was investigated using a sequential extraction test. The simulated 
extraction conditions were more aggressive than those of the 24 h batch leaching test and 
increased in severity for each fractionation step. Sequential extraction according to Tessier et
al. (1979) is commonly used to estimate the mobility of the metals Cd, Co, Cu, Fe, Pb, Mn, 
Ni and Zn under reducing conditions and between neutral and strongly acidic pH values. The 
effects of ageing in air and CO2 on the sequential extraction of metals were compared for two 
samples. 

During mineral weathering (ageing), H+ ions are consumed. The acid neutralization capacity 
(ANC) is a predictor of buffer capacity, or the sensitivity of the system to hydrogen ion input. 
The ANC tests were performed to compare samples after ageing rather than to measure the 
total ANC.  

Mineralogical reactions, such as hydration, carbonation, hydrolysis and oxidation, lead to 
mineral transformations. Thermogravimetric analysis (TG) and differential thermal analysis 
(DTA) were used to identify changes in mineral composition by comparing the thermal 
decomposition of differently aged samples.  

High-energy synchrotron-radiation powder diffraction and X-ray diffraction (XRD) were used 
to analyse the present mineralogical phases and to detect possible mineralogical transforma-
tions of the steel slag due to ageing by comparing the mineral phases from selected samples. 
Synchrotron radiation measurement provides greater accuracy of structural analysis than con-
ventional X-ray diffraction. 

The experiment was based on a factorial design in order to study the effects for multiple 
parameters at different levels. 
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3.1 Liner material 

A mixture of two coarse EAF slags (each containing 70% of particles with sizes between 1 
and 19 mm) and a fine grained LF slag (with more than 75% of particles < 0.5mm in size) 
was used in the experiment (Fig. 2).
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Figure 2 Particle size distributions of EAF slag 1, EAF slag 2 and LF slag

The slags originated from highly alloyed tool steel production at Uddeholm Tooling AB, 
Sweden. The sample mixture contained 36.1% EAF slag 1, 13.9% EAF slag 2 and 50% LF 
slag (see Appendix I). Chemical composition, leaching behaviour, compaction properties, 
strength and hydraulic conductivity of the steel slags have been characterised in a previous 
study (Andreas et al., 2005), in which good compaction properties and a hydraulic 
conductivity of about 10-9 m·s-1 were observed for the compacted mixture at a water content 
of about 10 % w.w. 

3.2 Experimental design 

The ageing experiment was designed to facilitate the study of all relevant factors using a 
minimum of samples and commenced in May 2007.  

A reduced factorial design (D-optimal design1) was applied to evaluate the selected factors at 
two levels and at a centre point (Tab. 1). The design was created using the software package 
MODDE (UMETRICS, 2006). Five factors (relative humidity, temperature, carbon dioxide 
content of the gas surrounding the specimen, water quality and ageing time) were varied at 
two or three levels. Triplicate samples were tested for every factor combination except the 
centre point samples. The experimental design allowed an estimate of the impact of each 
factor or combinations of factors on the performance of the slag after ageing.  

1 It is a 25-1 design.  
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Table 1 Factors and levels applied in the ageing experiment. 
 Low Middle High 
Relative humidity 30% 65% 100% 
Carbon dioxide Air (0.038%) 20% 100% 
Temperature 5 °C 30 °C 60 °C 
Ageing time 3 months 10, 22 months 30 months 
Water quality for 
building samples 

Distilled water - Leachate2

3.3 Analytical methods 

Chemical composition of steel slag mixture 
The chemical composition of the mixture of EAF- and LF slag was determined by an external 
laboratory. For the analysis of As, Cd, Cu, Co, Hg, Ni, Pb, Sb, Se and S, the sample was dried 
at 50 °C and the results were corrected for TS (total solids content), which was determined by 
drying at 105 °C. Dissolution was performed according to ASTM D3683 (modified). For the 
other elements, dissolution was performed in a LiBO2 melt (ASTM D3682). Chemical 
composition was measured by ICP-AES and ICP-SFMS according to (modified) EPA 
methods 200.7 and 200.8, respectively. 

Leaching test (SS-EN 12457-4) 
The standard leaching test using distilled water (SIS, 2003) was conducted using a liquid-
solid ratio of 10 (L/S 10) for all aged and crushed bulk specimens (3 and 10 months samples) 
after sieving < 9 mm.  

Acid neutralization capacity (ANC) 
The ANC was determined in duplicate for the 3 and 10 month aged samples. The sample 
originating from the bulk of the specimen was dried at 105 °C for 14.5 h, ground for 20 s in a 
vibratory disc mill and sieved to less than 125 m. 1 g of sample was suspended in de-ionized 
water at a L/S ratio of 110 and titrated with 0.1 M HCl while stirring with an IKA RW11 
basic stirrer. ANC was determined according to SIS (1996) using a TitraLab system 
(Radiometer Analytical S.A., Lyon, France) equipped with an ABU 901 autoburette and 
TIM900 titration manager. The autoburette and titration manager were controlled using 
TimTalk9 version 2.1 (LabSoft, Radiometer Analytical S.A.). A pH glass electrode with Red 
Rod technology (Radiometer Analytical S.A.) was used. The electrodes were two-point 
calibrated using standard solutions of pH 10 and pH 7 for the first titration step and solutions 
of pH 7 and pH 4 for the second titration step. 

Thermal analysis (TG/DTA) 
The TG and DTA analyses of four surface samples of steel slags aged over 3 months were 
performed using a Netzsch STA 409 instrument. Samples (initial weight 21.0 ± 0.91 mg) were 
heated at 10 °C/min from room temperature to 1000 °C in an argon atmosphere at a constant 
flow of 100 ml /min. Differences in weight (TG) and temperature (DTA) between the sample 
and a reference material (Al2O3) were recorded. The released gas was analysed using a 
quadrupole mass spectrometer (QMS) to detect CO2 released from carbonates.  

2 The details are described in the appendix. 
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X-ray diffraction (XRD) 
All samples aged for 3 and 10 months were analysed using XRD. Phases were identified 
using a mineralogical database. Mineralogy was characterised after drying surface samples at 
105 °C for 30 min (samples aged for 3 months) and 120 min (samples aged for 10 months) 
and grinding for 20 s in a vibratory disc mill. Untreated EAF slag and LF slag were analysed 
separately (results not shown). A Siemens D5000 X-Ray diffractometer with CuK  radiation 
was used. The diffraction analyses were performed for Bragg-angles (2 ) between 10° and 
90°, with 0.02°/step and 4 s/step. No internal standard was used. 

High-energy synchrotron-radiation powder diffraction 
Four samples taken from the surface of the specimens aged for 3 months were analysed in the 
Spring-8 synchrotron facility at Hyogo, Japan. Samples were analysed using a powder 
diffractometer and the beamline BL02B2 derived from high-energy radiation produced in the 
synchrotron facility.

Sequential extraction according to Tessier et al. (1979) 
Two samples aged for 3 months were leached using sequential extraction according to Tessier 
et al. (1979). The method was specially developed to fractionate Cd, Co, Cu, Fe, Pb, Mn, Ni 
and Zn in river sediments. The mineral phases were separated into the following phases: 
exchangeable fraction, fraction bound to carbonates, fraction bound to Fe-Mn oxides, fraction 
bound to organic carbon and residual fraction.

3.4 Results

3.4.1 Chemical composition 
The chemical composition of the EAF and LF slag mixture is presented in table 2. Oxides of 
calcium, aluminium, magnesium and silicon comprised 87 percent by mass of the material.  

Table 2 Chemical composition of steel slag mixture used in the ageing experiment 
(TS= Total solids).
Components Unit  Components Unit 
TS % 97,7 Cd mg/kg TS <0,1 
LOI % TS 5,5 Co mg/kg TS 1,05 
S % TS 0,189 Cr mg/kg TS 8.310 
Al2O3 % TS 16,5 Cu mg/kg TS 32 
CaO % TS 35,8 Hg mg/kg TS <0,01 
Fe2O3 % TS 1,8 La mg/kg TS <6 
K2O % TS 0,198 Mo mg/kg TS 99,7 
MgO % TS 15,4 Nb mg/kg TS 29,7 
MnO % TS 0,894 Ni mg/kg TS 21,3 
Na2O % TS 0,126 Pb mg/kg TS 11 
P2O5 % TS 0,0169 Sc mg/kg TS <1 
SiO2 % TS 19,4 Sn mg/kg TS <20 
TiO2 % TS 0,233 Sr mg/kg TS 165 
MnO2 % TS 1,10 V mg/kg TS 1080 

W mg/kg TS <60 
As mg/kg TS <8 Y mg/kg TS 14,9 
Ba mg/kg TS 129 Zn mg/kg TS 107 
Be mg/kg TS <0,6 Zr mg/kg TS 115 
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3.4.2 Leaching test (SS-EN 12457-4) 
The leachates mainly comprised Ca and Al at concentrations up to 3 mg/kg(3) and 2.4 mg/kg, 
respectively, and also S, Cl- and Na. The concentrations of many metals such as Fe, As, Cd, 
Co, Cu, Hg, Ni, Pb and Zn were mostly below the detection limit. Therefore, only elements 
that were above the detection limits for the majority of the samples can be discussed, for 
example Ca, Si, Al and Ba. The pH of leachates varied between 11.8 and 9.9 (as the average 
of triplicates). For samples aged over 10 months using 100% CO2, the pH was one to two 
units lower than for the samples aged in air. 

The concentrations of the major elements Ca, Fe, Mg, Si, Al and minor elements Ba, Cr, Mo, 
Sr and V measured in leachates of the 3 month samples are presented in table 3. The samples 
aged at low levels of CO2, temperature and humidity were used as reference (average value 
for three samples) because they should have been the least carbonated. All other 
concentrations are presented as percentages of the reference value.

Of the minor elements, Mo and Ba were measured at the highest concentrations in the 
leachates, followed by Cr, Zn and Ni. Mo levels in leachate from samples aged for 3 months 
were more than twice as high for the specimens exposed to high CO2 levels and high 
temperature than for specimens stored in air at 5 °C.  

Barium leaching decreased after 3 months of ageing at high CO2 levels. There was no clear 
effect of ageing on Sr leaching. 

Ageing at a high CO2 concentration and high temperature resulted in decreased leaching of Ca 
and Al after 3 months (as for Ba). The samples exposed to low humidity showed a slightly 
lower leaching of Ca, Al and Ba. For Mg, Si and Mo, however, ageing at a low humidity 
appeared to result in higher leaching levels. 

The pattern observed for V was similar to that for Mg. Vanadium was measured at around 
2000% of the control value in leachate from samples aged at high CO2 concentrations and 
high temperature and at about 1000% of the control value in leachate from samples aged at 
low CO2 levels and low temperature.  

The concentration of Fe in leachates was close to or below the detection limit, which can be 
explained by the low Fe content of the steel slag mixture (Tab. 2) and the high stability of Fe 
containing minerals in aqueous solutions (Bialucha, 2007).

No clear leaching was observed for Cr. A small rise in Cr concentration was detected in 
leachates from the samples aged in high concentrations of CO2, high temperature and high 
humidity, but in general Cr concentrations did not vary significantly after 3 months of ageing. 

3 Calculated per kg dry weight of solid material. 
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Table 3 Concentrations of elements in leachates of samples aged for 3 months (L/S 10). 
Mean values of n=6 # and standard deviation (SD). The reference is highlighted. 

0,038% CO2
30% rh 

5 °C 
3 months 

100% CO2
30% rh 
60 °C 

3 months 

0,038% CO2
100% rh 

5 °C 
3 months 

100% CO2
100% rh 

60 °C 
3 months 

X ± SD % of X ± SD % of X ± SD % of X ± SD 
Ca mg/kg TS 3034 ±3% 40% ±28% 95% ±5% 54% ±21% 

Fe mg/kg TS 0.4* ±55% 96%** ±47% 100%* ±55% 97%** ±55% 

Mg mg/kg TS 0.6** ±68% 164%** ±42% 97%* ±73% 115%** ±45% 

Si mg/kg TS 0.8 ±11% 872% ±102% 118% ±26% 281% ±24% 

Al mg/kg TS 2410 ±5% 34% ±61% 93% ±4% 50% ±36% 

Ba μg/kg TS 512 ±22% 34% ±19% 72% ±22% 59% ±53% 

Cr μg/kg TS 68 ±76% 91% ±50% 101% ±74% 124% ±32

Mo μg/kg TS 175 ±26% 329% ±6% 110% ±34% 289% ±10% 

Sr μg/kg TS 330 ±8% 452% ±94% 966% ±13% 289% ±13% 

V μg/kg TS 4.43 ±46% 2026%** ±30% 1063% ±51% 2031% ±17% 

pH - 11.7 ±0.4% 94% ±3% 100% ±0.2% 96% ±2%

IC mg/kg TS 29.65 ±57% 68% ±21% 69% ±30% 73% ±30% 
# triplicates of sample (specimen) and double analysis 
* all values included in the calculation were below detection limit 
** some values included in the calculation were below detection limit. When including the detection limit in 

the calculation the value of the detection limit itself was taken. 

The concentrations of the major elements Ca, Fe, Mg, Si, Al and minor elements Ba, Cr, Mo, 
Sr and V in the leachates of samples aged for 10 months are presented in table 4. Sr and V 
were not analysed for these samples. 

In all leachates originating from the 10 month specimens, the concentration of Fe, As, Cd, Co, 
Cu, Ni, Pb and Zn was below the detection limit. The detection limit varied depending on the 
sample composition.  

The trend of lower leaching of Al and Ba from samples aged at high CO2 levels and 
temperature was not observed for samples aged for 10 months. However, the leaching of Al 
and Ba was lower for samples aged under high relative humidity. The two samples aged for 
10 months at 20% CO2, 65% relative humidity and temperature of 30 °C (centre points of the 
experimental design) showed a similar leaching of Al and Ca as the samples aged in air.  

Leaching of Mg was observed to increase for samples aged at high CO2 levels (and low 
temperature) for 10 months.  

For the specimens aged for 10 months at a high CO2 level with high humidity and low tempe-
rature, one replicate contained very different concentrations of Mg and Si. Excluding this 
sample gave average concentrations of Mg and Si of 36.3 and 0.53 mg/kg, respectively, while 
including the sample gave averages of 254 and 13.3 mg/kg, respectively. The standard 
deviations for measurements of Mg and Si in the leachate samples were 2093% and 0.42% 
respectively when the outlier was excluded.

The centre point samples showed increased Mo leaching (414% of the reference value). For 
the remaining 10 months samples, the mean concentrations of Mo in leachate were all 
approximately 200% of the reference value. 
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In general the leaching of Cr decreased significantly for samples aged for 10 months when 
compared to samples aged for 3 months.  

Table 4 Concentrations of elements in leachates of samples aged for 10 months (L/S 10). 
Mean values of n=3 and standard deviation (SD). The reference is highlighted. 

0,038% CO2
30% rh

5 °C 
3 months 

0,038%CO2
30% rh 
60 °C 

10 months 

100% CO2
30% rh 

5 °C 
10 months 

0,038% CO2
100% rh 

60 °C 
10 months 

100% CO2
100% rh 

5°C
10 months 

20% CO2
65% rh 
30 °C 

10 months 

    X  ± SD 
% of 

X  ± SD % of X  ± SD
% of 

X  ± SD % of X   ± SD 
% of 

X  ± SD
Ca mg/kg TS 3034 ±3% 81% ±8% 45% ±74% 64% ±14% 6% ±67% 74% ±29%

Fe mg/kg TS 0.4* ±55% 48%* ±0% 35%* ±63% 35%* ±63% 10%* ±0% 48%* ±0%

Mg mg/kg TS 0.6** ±68% 141%* ±0% 2696%** ±164% 141%* ±0% 39602% ±149% 141%* ±0%

Si mg/kg TS 0.8 ±11% 288% ±10% 62%** ±13% 404% ±50% 1741% ±166% 145% ±17%

Al mg/kg TS 2410 ±5% 64% ±8% 55% ±79% 36% ±41% 6% ±91% 80% ±29%

Ba μg/kg TS 512 ±22% 56% ±32% 70% ±83% 3% ±96% 6% ±78% 73% ±16%

Cr μg/kg TS 68 ±76% 53% ±12% 32%* ±67% 34% ±38% 11% ±48% 44%** ±0%

Mo μg/kg TS 175 ±26% 213% ±9% 187% ±29% 208% ±103% 190% ±11% 414% ±9%

pH - 11.7 0.4% 101% 1% 93% 7% 101% 1% 85% 1% 99% 1%

IC mg/kg TS 29.65 57% 31% 12% 94% 48% 49% 7% 125% 21% 107% 63%
* all values included in the calculation were below detection limit 
** some values included in the calculation were below detection limit. When including the detection limit in 

the calculation the value of the detection limit itself was taken. 

The content of Cr, Ba, Mo and Sr in the solid steel slag mixture was about 8310 mg/kg TS, 
129 mg/kg TS, 100 mg/kg and 165 mg/kg, respectively. The maximum release of Cr, Ba, Mo 
and Sr into the leachate4 was 136 μg/kg5 slag (0.002 % of total content), 657 μg/kg slag (0.51 
%), 799 μg/kg slag (0.8 %) and 3.8 mg/kg (2.27%), respectively. As a proportion of the total 
present, the mobility of Sr was greatest, followed by Mo, Ba and Cr.  

3.4.3 Acid neutralization capacity (ANC) 
The acid neutralization capacity (ANC) was determined by titrating from the natural pH of the 
suspension to pH 8.3 in the first step (ANC 8.3) and by titrating from pH 8.3 to pH 4.5 (ANC 
4.5) in the second step. The results of the first and second titration steps did not vary 
significantly between samples of the two ageing periods (Fig. 3).

The ANC 8.3 value was lower for the specimens aged in a CO2-enriched atmosphere, whereas 
the ANC 4.5 was observed to increase. The differences were less significant for samples after 
10 months of ageing. The mean of the total ANC was between 11.8 and 13.8 mmol/g and did 
not change significantly over time or with ageing conditions.

4 The maximum value of all analysed leachate samples (both 3 and 10 months) was taken. 
5 TS of steel slag 



Ageing behaviour of steel slags in landfill liners 
13

Diener, Division of Waste Science & Technology, LTU, 2009 

Figure 3 Acid neutralization capacities (ANC) after 3 and 10 months of ageing. 

3.4.4 Thermal analysis (TG/DTA) 
Figures 4 to 6 present the results of the thermal analysis of four differently treated samples. In 
addition to thermogravimetry (TG) data, differential thermal analyses (DTA), and the 
derivative thermogravimetric (DTG), the derivative differential thermal analyses (DDTA) 
curves are illustrated in order to obtain better insight into the reactions occurring during 
heating. The small overshoot at the beginning of the TG curve (Fig. 4) does not correspond to 
an increase in weight but it represents the buoyancy effect6 caused by the instrument. The 
DTA and DDTA curves indicate whether an endothermic or exothermic reaction has occurred 
(Fig. 5). 

The samples appear to be similar up to about 550 °C. A small difference between ageing in air 
(at low temperature) and ageing in CO2 (at high temperature) is discernable between 100 and 
200 °C. At these temperatures the samples stored in air underwent a weight reduction of 
almost 2 wt% (Fig. 4) whereas the weight loss of other samples was negligible. This indicates 
the loss of free moisture as a small endothermic peak (Fig. 7). A similar loss occurred for 
samples C and D at higher temperatures, probably from hydroxides. Ageing includes 
hydration leading to the formation of, for example Ca(OH)2 and Mg(OH)2 which may be 
carbonated subsequently to form CaCO3 and MgCO3

Larger differences were observed at higher temperatures. Two endothermic reactions occurred 
between 350 and 650 °C. These are visible in both the DTA and the DDTA curve (Fig. 5). 
These endothermic peaks were largest for sample B (aged at high humidity), followed by A, C 
and D. It is assumed that these reactions correspond to the decomposition of hydrates as the 
release of chemically bonded water is known to occur between 300 and 460 °C (Robinson, 
2005). An explanation for the second peak may be that the samples contained hydrate-

6 Buoyancy is the upward force which any object is exposed to when immersed into a liquid.  
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carbonate complexes which decompose between 500 and 600 °C. At about 500 °C, CO2 levels 
in the gas phase started to rise (Fig. 7). Only minor changes in weight occurred in this 
temperature range (Fig. 4, 6).  

Figure 4 TG and DTG curves of 3 months samples A to D.  
A – 0.038% CO2 – 30% rel. humidity – 5 °C – distilled water 

 B – 0.038% CO2 – 100% rel. humidity – 5 °C – leachate 
 C – 100% CO2 – 30% rel. humidity – 60 °C – distilled water 
 D – 100% CO2 – 100% rel. humidity – 60 °C – leachate 
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Figure 5 DTA and DDTA curves of 3 months samples A to D.  
A – 0.038% CO2 – 30% rel. humidity – 5 °C – distilled water 

 B – 0.038% CO2 – 100% rel. humidity – 5 °C – leachate 
 C – 100% CO2 – 30% rel. humidity – 60 °C – distilled water 
 D – 100% CO2 – 100% rel. humidity – 60 °C – leachate 

Figure 6 DTG curves and DDTA curves of 3 months samples A to D.
A – 0.038% CO2 – 30% rel. humidity – 5 °C – distilled water 

 B – 0.038% CO2 – 100% rel. humidity – 5 °C – leachate 
 C – 100% CO2 – 30% rel. humidity – 60 °C – distilled water 
 D – 100% CO2 – 100% rel. humidity – 60 °C – leachate 
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The decomposition of calcium carbonate (calcite) is an endothermic reaction (Sanders and 
Gallagher, 2005) which occurs in an argon atmosphere at 680-760 °C (Robinson, 2005). The 
CO2 levels measured in the gas phase were highest between 680 and 730 °C (Fig. 7). The 
greatest weight loss, at about 720 °C, coincided with this release of CO2 and was therefore 
most probably caused by the decomposition of carbonates. For samples C and D (which were 
aged at high CO2 levels), an extra peak was found in the DTA curve at about 730 °C (Fig. 5). 
The apparent delay in carbonate decomposition may have been caused by a temperature 
gradient between the surface and inside of the samples. 

The lowest CO2 concentration in the gas was measured for sample B, followed by A, C and 
D. Notably, the strongest peak in the region of hydrate dissociation (430 °C) and also the 
lowest CO2 concentration was observed for sample B. Hydration is the first reaction to occur 
during ageing of steel slags.

The greatest weight loss was observed for sample D (Fig. 4) at around 10 wt% between 100 
°C and 740 °C and the final weight was 2-4.4 wt% lower than for the other samples. Weight 
losses for samples A and C were 7 to 8 wt% and 5.6 wt% for sample B. The curve shapes for 
samples C and D are similar.  

Figure 7 DTG curves and CO2 analyses by QMS of 3 months samples A to D.  
A – 0.038% CO2 – 30% rel. humidity – 5 °C – distilled water 

 B – 0.038% CO2 – 100% rel. humidity – 5 °C – leachate 
 C – 100% CO2 – 30% rel. humidity – 60 °C – distilled water 
 D – 100% CO2 – 100% rel. humidity – 60 °C – leachate 

3.4.5 X-ray diffraction (XRD) 
EAF and LF slags contain many minerals in common, but some minerals are specific to each 
type of slag (Paper I). The samples contained a mixture of the mineral phases originating from 
these two slag types. Two X-ray diffractograms are presented in Fig. 8. The mineralogy of the 
slag samples is complex and contains a number of possible phases. Various calcium silicates 
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such as akermanite (Ca2MgSi2O7), bredigite (Ca7Mg(SiO4)4), gehlenite (Ca2Al(AlSi)O7),
monticellite (CaMgSiO4) and merwinite (Ca3Mg(SiO4)2) were consistent with the sample 
pattern. The intensities of specific peaks differ between samples A and E. For example, the 
peak corresponding to periclase (MgO), one of the main phases, was much smaller in the 
sample aged for 10 months. After 10 months’ ageing, the intensities of peaks corresponding to 
quartz (SiO2) and calcite (CaCO3) increased in intensity (sample E). Some peaks 
corresponding to merwinite increased in a similar fashion. The spinel phase that was 
identified may not be a MgAl2O4 spinel - its detailed chemistry could not be elaborated using 
XRD.

The presence of all the proposed mineral phases in the slag mixture cannot be confirmed as 
many peaks overlap others that have similar 2 -positions. Additional mineral phases could be 
present. For example, additional XRD analysis performed using a different instrument 
indicated the presence of hedenbergite (CaFe+2Si2O6) for the same samples.  

Figure 8 Diffractograms of two steel slag samples after ageing.  
A – 0.038% CO2 – 30% rel. humidity – 5 °C – distilled water – 3 months 

 E – 100% CO2 – 100% rel. humidity – 5 °C – leachate – 10 months 



Ageing behaviour of steel slags in landfill liners 
18

Diener, Division of Waste Science & Technology, LTU, 2009 

3.4.6 High-energy synchrotron-radiation powder diffraction
The main mineral phases detected by synchrotron-radiation in all four samples were periclase, 
monticellite, spinel and calcium silicate (Tab. 5). Calcite was also detected and the highest 
calcite peaks were found in the sample aged at a high CO2 concentration, at high relative 
humidity and high temperature (sample D). The same sample was found to contain low levels 
of calcium silicate and higher levels of quartz.

Merwinite was not detected during analysis but when the diffractogram was shifted by 0.07 
°2 , a peak was observed which was consistent with the presence of merwinite. This shifted 
peak had the fourth greatest intensity in the sample diffractogram. While it cannot be directly 
confirmed that the peak corresponds to merwinite, its presence is implied by the XRD results 
(section 3.4.5). Possible explanations for shifting of the peak include small changes in the 
composition of the merwinite phase or the effects of sample preparation, as no internal 
standard was used.

Table 5 Synchrotron-radiation powder diffraction data for 4 samples aged for 3 months 
 + <500 cps, ++ 500-1000 cps, +++ 1000-1500 cps,  

++++ 1500-2000 cps, +++++ >2000 cps 
Mineral Chemical 

formula 
0,038% CO2

30% rh 
5 °C 

3 months 

0,038% CO2
100% rh 

5 °C 
3 months 

100% CO2
30% rh 
60 °C 

3 months 

100% CO2
100% rh 

60 °C 
3 months 

A B C D 
Periclase MgO ++++ +++++ +++++ ++++ 
Monticellite CaMgSiO4 +++ +++ +++ +++ 
Spinel MgAl2O4 +++ ++ +++ ++ 
Mayenite Ca12Al14O33 + ++ +  
Quartz SiO2 + + + ++++ 
Ringwoodite (Mg,Fe)2SiO4 ++ ++ ++ + 
Vaterite.syn CaCO3 + + +  
Calcite CaCO3 ++ ++ ++ +++++ 
Calcium 
Silicate Ca2SiO4 ++++ +++ ++++ ++ 

Lime CaO + + + + 
Gehlenite Ca2Al2SiO7 ++ ++ ++ ++ 
Gypsum CaSO4 2H2O +  + + 
Antigorite Mg3-x[Si2O5](OH)4-2x + + + + 

3.4.7 Sequential extraction 
Sequential extraction, using a five step leaching test according to Tessier et al. (1979), 
revealed changes in the mobility of certain elements. Discussion will focus on the leaching of 
Ca, Si, Fe, Cr, Mo and Pb before and after ageing. Fe and Cr did not show large variations 
between the two sample types because they are bound in stable phases and have a low 
solubility.

Ca and Mo are less strongly bound within the steel slag matrix than, for example, Fe or Cr 
(Fig. 9-11). No significant amount of Fe was leached in the first two steps. For Ca however, 
more than 20% of the Ca containing mineral phases were dissolved in steps 1 and 2 (Fig. 9). 
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Figure 9 Fractional distributions of Ca and Fe7 after sequential extraction. 
A – 0.038% CO2 – 30% rel. humidity – 5 °C – distilled water – 3 months
D – 100% CO2 – 100% rel. humidity – 60 °C – leachate – 3 months 
Fractions: I – exchangeable, II – bound to carbonates, III – bound to Fe-Mn 
oxides, IV – bound to organic carbon, V – residual 

For Mo and Pb (Fig. 10) carbonation led to a reduction in the total leaching of all 5 steps8.
The opposite was found for Si, for which the total leachate concentration after sequential 
extraction (sum of all five steps) was greater for the sample aged at high CO2 concentration 
and high temperature (Fig. 11). Small differences in the leached amount within intermediate 
steps were also observed. For example, the dissolved Fe after step 3 was slightly higher for 
sample D than for sample A (Fig. 9). The concentration of Si leached after the second step is 
also higher for sample D (Fig. 11).  

7 The Fe values of both sample A and D were below the detection limit in step 1. 
8 The mentioned elements had a reduced solubility of at least -13% in sample D compared to sample A. 
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Figure 10 Fractional distributions of Mo and Pb9 after sequential extraction. 
A – 0.038% CO2 – 30% rel. humidity – 5 °C – distilled water – 3 months
D – 100% CO2 – 100% rel. humidity – 60 °C – leachate – 3 months 
Fractions: I – exchangeable, II – bound to carbonates, III – bound to Fe-Mn 
oxides, IV – bound to organic carbon, V – residual 
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Figure 11 Fractional distributions of Si and Cr after sequential extraction. 
A – 0.038% CO2 – 30% rel. humidity – 5 °C – distilled water – 3 months
D – 100% CO2 – 100% rel. humidity – 60 °C – leachate – 3 months 
Fractions: I – exchangeable, II – bound to carbonates, III – bound to Fe-Mn 
oxides, IV – bound to organic carbon, V – residual 

9 The Pb values of both sample A and D were below the detection limit in step 1. 
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3.5 Discussion of results 

The impact of the five factors (CO2 content of the gas phase, relative humidity, temperature, 
water quality for sample preparation and ageing time) on the mineral properties of steel slag 
was studied over a period of 10 months. CO2 content in the gas phase, relative humidity and 
ageing time exerted the greatest influence on the results. Some of the results are discussed in 
more detail below.

Leaching behaviour 
The leaching behaviour of steel slags was measured with two leaching tests. The following 
outcomes were observed: 

- high CO2 content (and high temperature) led to increased leaching of Mo, Si, Mg and 
V and to reduced leaching of Ca, Ba and Al after 3 months’ ageing 

- only Ca, Si and Mg showed similar leaching behaviour after 10 months’ ageing 
- samples aged over a longer time demonstrated reduced leaching of all elements except 

Mg, Si and Mo 
- samples aged at higher relative humidity demonstrated reduced leaching of Sr, Si, Mo 

and Mg comparing all samples stored at high CO2 levels after 3 months. However, the 
opposite was valid for the samples aged in air, where high humidity led to a small 
increase in leaching of Si and Mo. For Sr, leaching increased significantly but this 
trend was not observed after 10 months’ ageing. 

- ageing for 3 months at a low relative humidity with high CO2 levels was associated 
with reduced leaching of Ca, Al and Ba; this trend reversed after 10 months of ageing 
under the same conditions. 

Alkaline earth metals, e.g. Ba, Sr and Mg can – in the same way as Ca – form carbonates and, 
therefore, a similar decrease was expected in their leachate concentrations after carbonation. 
Huijgen and Comans (2006) reported that after carbonation Ba and Sr leaching decreased by 
several orders of magnitude. 

This was observed for Ba in this study. According to the modelling results conducted by 
Fällman (2000), solid solutions of Ba and Cr (i.e. Ba(S,Cr)O4 and BaSO4) can control the 
solubility of the two elements in steel slag leachates.  

Mg was expected to behave like Ca or Ba due to the formation of magnesite (MgCO3) but this 
was not observed. An explanation might be that magnesite formation occurs very slowly 
(Huijgen and Comans, 2006). The pressure of CO2 may also have been too low to achieve 
significant carbonation of the Mg minerals (Huijgen et al., 2005).

In the L/S 10 leaching test, no critical release of any element was detected after ageing over 
10 months. The concentrations of some elements in the leachates were so low that small 
differences, which may have been associated with variation in physical properties within the 
bulk samples, resulted in high standard deviations. The steel slag mixture contained varying 
grain sizes and hence the surface area within the compacted bulk sample was heterogeneous. 
The porosity may therefore have varied between replicates leading to different degrees of 
carbonation and high standard deviations for replicate measurements. The samples were 
compacted to simulate the use as barrier in a landfill cover. However, compaction slows down 
ageing reactions. Due to the low leaching levels, more sensitive analytical methods are 
necessary and recommended for the coming leaching samples. 
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For the sample exposed to high CO2 levels, reduced leachate concentrations were observed 
for Mo and Pb after sequential extraction (i.e. all five steps). The leaching of many metals is 
low at neutral pH and thus ageing can decrease metal mobility. Elements such as Pb may also 
be bound to more stable phases. The reduced mobility of Pb has also been observed after the 
carbonation of MSWI fly ash (Ecke, 2001). Sorption processes may therefore control the 
leaching of Cd, Zn, Cu, Pb and Mo. The affinity of oxyanions such as MoO4

2- for Fe/Al-
(hydr)oxides increases with decreasing pH (Meima and Comans, 1999), which may also 
explain the lower Mo and Pb concentrations measured after sequential extraction. Mo values 
in leachates should be analyzed as this element is rather mobile and widely used in steel 
production.

The effect of the selected factors on leaching of metals could be studied in greater detail, for 
example by analysis of replicate samples aged for longer. As only two single samples were 
analysed, only the impact of the combined factorial influence of high CO2 level, high relative 
humidity and high temperature can be compared with low CO2 level, low relative humidity 
and low temperature. 

Extraction tests have specific limitations. These include the limited selectivity of reagents; 
possibly incomplete extraction of phases and poor control of pH during extraction. The 
fraction entitled “bound to organic carbon” of the method used should be named “oxidizable 
fraction” because the steel slags do not contain an organic fraction. 

Overall, the methods enabled the comparison of metal leaching before and after sample 
ageing. Since it is possible to over-interpret the results it was decided to draw conclusions 
from only major changes in the partitioning of phases.

Mineralogy
Thermal analysis (TG/DTA), XRD and high-energy synchrotron-radiation powder diffraction 
provided information about the sample mineralogy and about phase transformations after 
ageing. The TG/DTA analyses in particular clarified the influence of specific factors. Because 
only the samples aged for 3 months were analyzed, only the impact of CO2 level (combined 
with high temperature) and relative humidity could be studied. All TG/DTA analyses 
indicated hydrated phases as well as carbonated phases. The hydrated phases of the 
carbonated samples exposed to high CO2 levels (and high temperature) were more stable and 
decomposed at a higher temperature. The decomposition of carbonates was the main reaction 
observed. The ability to bind CO2 into the mineral structure and thereby form carbonates was 
highest for sample D (for which CO2 content and relative humidity were both 100%). CO2
content exerted the greatest influence on carbonate formation. For the samples aged at high 
CO2 levels, high relative humidity increased the formation of carbonates. For the samples 
aged in air the sample with the lowest CO2 release was aged at 100% relative humidity.  

TG/DTA analyses could be combined with additional gas analyses (e.g. H2O) to provide more 
specific data about observed changes. It will be necessary to analyse further samples aged for 
more than 3 months to assess the influence of ageing time. 

The mineral content of the steel slags comprised mainly calcium silicates, magnesium-
containing minerals such as periclase and a spinel phase. The stable spinel phases are assumed 
to contribute to the low leaching of metals. 



Ageing behaviour of steel slags in landfill liners 
23

Diener, Division of Waste Science & Technology, LTU, 2009 

Calcite formation was the only mineral transformation detected by XRD due to ageing of the 
respective steel slag mixture. Additionally, it was assumed that changes occur within the 
calcium silicate minerals. Merwinite may be involved in mineral changes, even though its 
presence could not be confirmed by analysis using high energy synchrotron radiation due to 
possible peak shift. In steel slags, peak shift can occur due to the formation of solid solutions
(i.e. impurity metal ions incorporated in a mineral phase) but it can also be caused by sample 
preparation. By using an internal standard such as silica, peak shift due to sample preparation 
can be corrected. If peak shift is caused by mineral transformation, for example because solid 
solutions are formed, the elements contributing to those minor changes in the mineral 
structure are unlikely to be revealed by XRD analysis because only minerals comprising more 
than about 5% of the total can be detected using XRD. As the investigated samples consisted 
of three slags, variation of the mineral composition was inherent for all samples. Since a large 
number of peaks of different minerals overlapped each other, the identification of mineral 
phases in the samples was further complicated.  

Buffer capacity 
The buffer capacity between the natural pH of the sample and pH 4.5 did not change 
significantly between samples aged under different conditions and over different time periods. 
This implies that under field conditions the buffer capacity will take a long time to deplete. 
However, separation of the titration into two steps revealed changes of the buffering zones: 
the ANC 8.3 value decreased with ageing whereas the ANC 4.5 value increased. This was 
clearly observed after 3 months’ ageing but less distinct after 10 months. The change was 
believed to be associated with the consumption of lime or calcium hydroxide and the 
formation of carbonates. Carbonates provide buffering in the slightly alkaline to neutral range. 
The less distinct difference between ANC 8.3 and ANC 4.5 after 10 months is related to the 
permanently ongoing ageing processes, i.e. also in the samples with low CO2.

According to Grischek (2001), the buffer capacity of steel slags is greater than that of other 
alkaline materials and waste fractions. The buffer capacity of the steel slag mixture was not 
measured absolutely because the purpose of measurement was comparison and not to 
determine the total ANC. The delay time (the time at which pH was constant at the titration 
endpoint) was only 5 minutes. Yan et al. (2000) found that even a 24 h ANC test measured 
less than 60% of the total ANC. This means that the total ANC of the samples is probably 
much greater than the reported values. 

Long-term reactions can also be studied by chemical modelling. Chemical modelling of 
MSWI fly ash was used by Ecke (2001) to estimate the time span after which a 10 m high fly 
ash deposit would be completely decalcified. After calcite has been completely depleted by 
hydrogen ion input, the pH will fall to acidic levels and the probability of metal leaching will 
increase. Considering Swedish climatic conditions and assuming a high decalcification rate of 
1.3 mm yr-1, Ecke (2001) calculated a time span of about 7700 years before all the calcite that 
was formed in a 10 m high fly ash deposit would be lost. Thus the decalcification of a fully 
carbonated alkaline material will probably take several thousand years, but the subsequent 
release of metals should also be considered.

The long-term transformation of other similar materials, such as different ashes or cement, 
can provide an indication of the stability of steel slags. For example, carbonation of 
compacted forms made of Portland cement, wastewater and metal ions produced a calcite-rich 
rim surrounded by a silicate-rich matrix (Walton et al., 1997). The calcite reduced the rate of 
dissolution of the inner matrix because of its decreased porosity.
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To summarize, ageing at high CO2 levels leads to reduced leaching of elements such as Ca, Al 
and Ba and increased leaching of Si, Mg, Mo and V. Not all of these observations were clear 
after both 3 and 10 months of ageing; in many cases the influence of the factors was less 
distinct after the longer period. Relative humidity was found to affect leaching but with a 
greater interaction with other factors. After a longer ageing period, the leaching of metals 
usually decreased. The environmental impact of leachate from a steel slag liner is therefore 
assessed as low. The results of the sequential leaching test do not agree with the results of a 
24 h leaching test, as was shown for Mo in aged samples. However, a decrease was observed 
in the leaching of Mo and Pb after sequential extraction. Some of the observed results can be 
partially explained by sorption to Fe/Al-(hydr)oxides.

Mineral phases contained in the steel slags were mainly calcium silicates, magnesium- 
containing minerals, such as periclase, and a spinel phase. Mineralogical changes observed 
using thermal analysis and X-ray diffraction methods included hydration phases and calcite 
formation. Further changes are possible, but have not yet been identified. The buffer capacity 
did not decrease significantly after 10 months but a change of the buffering zones was 
identified due to carbonation.

Discussion of errors 
Deviations in the factor levels were observed. Especially, relative humidity was varying 
during the ageing experiment (measurement with USB data loggers, see Appendix I). 
Problems of reaching 100% relative humidity in a 60 °C atmosphere at the beginning of 
experiment were solved during the first months of the ageing experiment. Partially, small 
bowls with water were put next to the specimens to reach humidity contents close to 100% at 
60 °C. For adjusting the humidity to 30%, it was decided to use MgCl2 solutions and silica gel 
in the heating cabinet (60 °C) and the fridge (5 °C), respectively. Gas samples of the 
atmosphere in the boxes were analysed twice during the experiment with gas chromatography 
but might be controlled more often in the future.  

4 RELEVANCE OF THE FINDINGS FOR THE APPLICABILITY OF STEEL 
SLAGS IN A LINER 

The studied liner mixture was clearly affected by ageing. The factors that most significantly 
affected the properties of the slag after 10 months of ageing were CO2 content in the gas 
phase, relative humidity and ageing time.  

In the short term, the principal ageing reactions in the liner are hydration, carbonation and 
hydrolysis. Hydration of cementitious mineral phases such as dicalcium silicates commences 
immediately after water addition to the slag during construction of the liner and will continue 
until all free MgO and CaO or all free water is consumed. The hydroxides originating from 
hydration can eventually become carbonated, leading to the formation of calcite. Calcite is 
one example but other carbonate phases can be formed. The extent of carbonation in the liner 
depends on factors that include CO2 content and temperature. Depending on the temperature 
and pH, CO2 dissolves and the carbonic acid thus formed subsequently dissociates. The 
slightly acidic solution hydrolyses carbonate phases, which is responsible for the buffering of 
carbonates. Ca ions that are released when calcite dissolves may exert an additional buffering 
effect through the precipitation of CaCO3. This buffering region lies between pH 8.5 and pH 
6, such that carbonate buffering prevents the pH from dropping quickly. Carbonation will be 
more intense below the liner where CO2 content and temperature of the atmosphere are 
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higher. Hydrolysis is also the main weathering reaction of silicate phases. Hydrolysis of 
silicates can occur after Ca is leached from the calcium silicates.  

As carbonation was incomplete when the samples were analysed, metal leaching, buffer 
capacity and mineralogy could only be predicted for the time when hydration, hydrolysis and 
carbonation of the liner occur, which is for several decades. 

Chemical stability 
After 400-500 years, a L/S ratio of 10 in the liner may be reached10. The leaching behaviour 
at this point will depend on the extent of weathering processes and ageing. However, the liner 
material is compacted to achieve a low permeability, while the samples for the L/S 10 test 
were crushed before they underwent leaching. Therefore, the time until a L/Sratio of 10 is 
reached in the liner should be longer than 500 years because the compacted liner is not 
expected to consist of particles smaller than 9 mm (as in the laboratory test).  

The leaching test results for the intensively aged samples can be used to predict the chemical 
stability of the minerals and possible leaching concentrations just below the liner. The 
amounts leached (calculated as the mean of the replicates) compared to the content of the 
solid steel slag were for most elements below 2%. Exceptions to this were S (27%), Na 
(12%), K (4%) and Al (3%). The higher values of Na and K are typical for the weathering of 
silicates. The leaching of sulphur should be lower than what was measured because the 
conditions around the liner should be more reducing than during the leaching test. If the liner 
material contains more Al, Al leaching could become a concern under alkaline conditions. 
The Al2O3 content of the solid steel slag mixture was about 16.5%. Al leaching will decrease 
with time, as demonstrated by a reduction to 6% in the leaching of Al from the intensively 
aged samples when compared with the least carbonated samples. This could be because of 
mineral formation or because Al leaching reaches a minimum at neutral pH. 

The most mobile trace elements (i.e. those present at the highest concentrations in leachates) 
were Sr, Mo, Ba, Fe and Zn (L/S 10 test). Mo is expected to be mobile but it can adsorb to 
other phases, such as metal hydroxides, at low pH (Paper I). When comparing the leachate 
concentrations to the elemental content of the solid matrix, the most mobile trace metals were 
Sr, Mo, As, Co, Ni and Ba11. Due to the low overall concentrations in leachate, the 
environmental impact of leaching from a steel slag liner after 400 to 500 years is therefore 
assessed as low.

Below the liner, carbonate formation is expected to be higher than above the liner, as 
indicated by thermal analyses and XRD analysis of the intensively aged samples. Expected 
structural changes after ageing and carbonation include the depletion of Ca from calcium 
silicates to leave Si structures. Metal ions incorporated in the minerals will be released with 
the dissolution (hydrolysis) of the Ca silicate structure. Elements that behaved similarly to Si 
in the L/S10 leaching test such as Mg, Mo and V might have been incorporated in the calcium 
silicates (for example, as observed for Mg by diffraction analyses). This would explain their 
higher leaching after ageing under high CO2 conditions. Other metals (e.g. Ba) that tend to 
form or be incorporated into carbonate phases leached less with high CO2.

10This calculation is based on the conditions and construction in Hagfors: 671 mm precipitation, a liner thickness 
of 0.7 m, a steel slag density of 2.2 t/m3 and about 5% of the precipitation percolating through the liner. The 
number of years is calculated by: 10/(X/Y) where X=(0.05*671)/1000 and Y=2.2*0.7. 

11 In this comparison, samples from all ageing conditions and both 3 and 10 months ageing time were included.  
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The leaching behaviour depends on the mineral phases present. Some mineral phases are 
relatively soluble, especially calcium silicate phases, while spinel phases are not. It was 
assumed that most metals mobilized in the L/S 10 leaching test originated from phases with a 
higher solubility, such as calcium silicates. Therefore, greater leaching of metals could occur 
under later stages of weathering where, e.g. pH reduces and stable phases such as spinel begin 
to hydrolyse.

The upper surface of the liner is in contact with the drainage water. The amount of water is 
assumed to be up to 25% of precipitation. The effect of drainage water on the upper surface of 
the liner could not be evaluated because no impact was observed for water quality. The 
drainage water is expected to have a higher ionic strength due to ions such as Na+, K+, Ca2+,
Cl-, NO3

-, SO4
2- (originating from the layers above). This would increase the solubility of 

calcite, which is also increased by the higher solubility of CO2 in water at lower temperatures. 
However, under the anoxic conditions expected in the drainage layer, the solubility of calcite 
is not predictable, since other reactions, such as basic reactions with NH4

+
, may also exert an 

influence (Krauskopf and Bird, 1995).  

The carbonates formed will buffer proton input until they become depleted, after which pH 
will decrease and metals that were incorporated in the carbonate phases will be released. The 
buffering of carbonates was confirmed by ANC experiments and the total buffering capacity 
seemed to be unaffected by ageing in the short ANC test. Buffering at lower pH would 
include silicate phases, but the extent of these reactions within steel slags is unknown. It is 
assumed that longer ANC tests give a higher buffer capacity and reveal a better identification 
of the buffering regions at different pH values. Hydrolysis of silicate phases will continue for 
a longer time than carbonation.  

In the long-term, oxidation processes might occur in the liner after the methanogenic phase 
has completed. Oxidation of metals (e.g. Fe, Al, Mn) under reducing conditions will consume 
hydrogen (H+). Consequently the pH will rise and hydrogen gas will be formed. Water can 
serve as oxidising agent to form metal hydroxides. In case of further mineral precipitation, 
crystalline metal oxides may occur and the pH would decrease (Roadcap et al., 2005). If in 
the long term the pH becomes acidic, metal leaching may increase even further. Minerals 
containing e.g. Fe, Al, Mn, Zn, and Cr can become unstable under strongly acidic conditions 
and metals may become mobilized and oxidized, which may change the relative toxicity of 
certain elements.

Mechanical stability 
One property determining mechanical stability of steel slags in the short term is the volume 
stability (expansion). The hydration of free CaO or MgO can reduce this stability. Further 
investigation is required to assess whether hydration of this mineral poses a significant risk to 
volume stability. The cementitious reactions induced by hydration and compaction will 
influence the strength and permeability of the liner.  

The precipitation of carbonates such as calcite is anticipated to lower the porosity and to 
increase weight and strength. From observations during sample handling (especially 
crushing), the aged specimens were very stable under mechanical stress but direct 
measurements are necessary to verify and quantify this stability. Adequate precipitation of 
carbonate would ensure reduced porosity in the short term, but the dissolution of carbonates 
and ageing processes in the long term may result in increased permeability of the liner. 
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5 CONCLUSIONS 

A landfill liner is exposed to weathering within the landfill cover. The liner material 
properties require close study to assure the stability of the cover in the short and long term. 
The liner material studied was a mixture of EAF and LF slag, for which ageing reactions were 
investigated experimentally. The factors CO2 content in the gas phase, relative humidity, 
temperature, and water quality for sample construction were identified as important 
influencing factors for a liner. The factors were studied with regard to the impact they could 
have on the properties of the liner over time. The factors CO2 content in the gas phase, 
relative humidity and ageing time are regarded as the most relevant according to the results 
obtained so far. 

The results of the study indicate that the materials tested fulfil the practical requirements of a 
suitable landfill liner. This is demonstrated by the following observations: 

The steel slag mixture has a low permeability after compaction and thus fulfils this 
criterion of landfill liner materials. 

The steel slag mixture was shown to be chemically stable, with only minor leaching of 
metals under the experimental conditions. 

All steel slag specimens showed high mechanical strength according to experiences 
made during sample handling and crushing.  

When studying the impact of several factors on steel slag properties, it is necessary to 
use several analytical methods (i.e. to characterise mineralogy and leaching 
behaviour), since different methods may provide partly confounding results.

Steel slags (as the tested ones) contain spinel phases. Spinel phases are known to be 
very stable and prevent leaching of metals from their structure. This could explain the 
low leaching of Al and Mg in spite of their high contents in the solid material.  

The effect of a high CO2 level in the gas phase and carbonation on different elements 
was observed to vary. Elements such as Ca, Al and Ba demonstrated reduced mobility, 
while others such as Si, Mo and Mg were more mobile in samples aged at high CO2
levels.

The impact of relative humidity varied depending on the CO2 content. Under high CO2
levels, high humidity appeared to support carbonation and the binding of metals in 
carbonate phases. Under low CO2 conditions, high relative humidity led to an increase 
in the leaching of metals. However, the impact of this factor was not the same for all 
elements and could also vary with time. 

Of the trace elements discussed in section 3.4.2, Sr was the most mobile, followed by 
Mo and Ba while Cr was the least mobile. For most elements except Si, Mg and Mo, 
leaching decreased with time.  

During ageing of a steel slag liner, a very slow decrease of the buffer capacity is 
expected. The slow decrease of the buffering capacity prevents metal leaching.  
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Hydration, carbonation and hydrolysis are expected to occur during the ageing of the 
steel slags; first at the surface of the liner (below and above) and later within the liner.

As the CO2 content and temperature below the liner will be higher than above the 
liner, greater ageing is expected below the liner. High humidity could increase the 
formation of carbonates. 

Hydration is a short-term reaction which occurs as soon as the slags are exposed to 
humidity, e.g. during construction of the liner. 

The hitherto only mineral changes identified to be due to ageing are calcite formation 
and possibly some slight changes within the silicate minerals. A higher weathering 
rate would be necessary to affect stable phases, such as Fe- or Cr-containing minerals.  

Carbonate formation will occur and take place in conjunction with calcium depletion 
below the carbonated edges. Since the liner material mostly consists of calcium 
silicates, it is expected that silicate rich- and calcium depleted minerals will remain. 

The complete calcification and decomposition of carbonate phases of a barrier layer 
might take thousands of years, according to the literature.

Using chemical models and further mineralogical analyses, it might be possible to 
quantify a time span after which various minerals will decompose, be adsorbed, 
dissolve completely or transform into secondary mineral phases.  

Carbonate formation may decrease the permeability and increase the strength of the 
liner.  

Hydrolysis of carbonate and silicate phases will occur at the liner. The consequences 
of hydrolysis of carbonates and silicate weathering cannot be estimated yet but it is 
probable that the result would be a higher release of metals from the liner material in 
the far future. 

Further research should include

analysis of steel slag specimens that are being aged further using the same methods as 
for the 3 and 10 months specimens, 

additional analyses of untreated (non-aged) steel slags 

comparison of field studies of a steel slag liner with the samples aged in the 
laboratory,

quantification of the mineralogical phases and identification of minerals (e.g.
quantification of free lime) in which certain metals are most abundant,  

continuing study of the formation of secondary phases and their properties, e.g. their 
potential to retain metals in their structure, using SEM and EDX. 
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mechanical tests such as bearing capacity, expansion and strength tests before and 
after ageing (to understand the long-term behaviour, because a higher physical 
weathering will accelerate chemical weathering reactions) and  

analysis of the self-healing properties of the slags in case of cracks in the liner. This 
would be significant in case of settlements of the landfill. 
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Sample preparation 

In order to take a representative sample out of the slag received from the steel plant, a sample 
splitter (divider) was used. The different slag types were weighed and mixed, whereafter 10% 
(wet weight) of distilled water and leachate, respectively, was added to the mixture. The 
leachate used in the mixture was taken from physical models in the laboratory of material 
applied in the protection layer of the landfill cover. The reason for using leachate during 
sample making was to simulate that water from layers overlying the liner percolate 
downwards and partially reach the liner. 

The specimens were made of a mixture consisting of 50% EAF slag 1 and EAF slag 2 
(<8mm, ratio of EAF slag 1 to EAF slag 2 was 2.6:1) and 50% LF slag (<19mm). The mixing 
ratio of the EAF slags was chosen according to the amounts of different slag types generated 
at the steel mill. The water amount in the mixture was set based on an earlier experiment 
aimed to identify a slag mixture with optimum compaction properties (Andreas et al., 2005).

The mixture was compacted in two layers into small cylinders (diameter 4 cm) that had a 
bottom lid. The cylindrical shape and the bottom lid were hold closed by a metallic ring 
screwed tight to the cylinder. Half of the weight of the mixture was filled in the cylinder. 
Afterwards, the layer was compacted with a modified Proctor device with 10 knocks and then 
the second layer was built in the same manner. The height of the specimens was chosen to be 
4 cm. Around 165 g of slag was necessary for both layers in order to obtain the desired height 
after applying a compaction energy of 2.63 Nm·cm-3 (SIS, 1994) with the proctor device. 
After compaction, the surface was smoothed out softly with a small glass rod and the sample 
was marked with a unique number. After curing of the samples at room conditions for about 
30 minutes, the cylinders were removed (Fig. 1). The final height and weight were measured 
after brushing of loose material. Then the specimens were placed into the various containers 
with various atmospheric conditions according to the experimental design (Tab. 1). 

Materials Mixing and weighing Compaction Curing

                                        Removal of cylinder            Finished samples  
Figure 1 Sample making for ageing experiment in the laboratory. 

For each factor combination and each level, three replicates have been made except for the so 
called centre points in the design, i.e. the combination of 20% CO2, 65% relative humidity 
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and 30 °C. For the centre point combination, only one sample (no replicates) was made 
including the variation of factors ageing time and water quality (Tab. 1). The design includes 
54 steel slag specimens that are either stored in a fridge (5 °C), a heating board (60 °C) or a 
climate room (30 °C). This thesis includes the results of the specimens aged for 3 months and 
some results from the 10 months aged specimens, as the experiment will continue for another 
year.

Table 1 Factor combinations according to the experimental design. 
CO2

[vol-%]
Rel. humidity 

[%] 
Temperature

[°C] 
Water quality*Ageing time

[months]
Number of
replicates

0.038 30 5 distilled 3 3 
0.038 100 5 leachate 3 3 
100 30 60 distilled 3 3 
100 100 60 leachate 3 3 

0.038 30 60 distilled 10 3 
0.038 100 60 leachate 10 3 

20 65 30 distilled 10 1 
20 65 30 leachate 10 1 

100 30 5 distilled 10 3 
100 100 5 leachate 10 3 

0.038 30 60 leachate 22 3 
0.038 100 60 distilled 22 3 

20 65 30 distilled 22 1 
20 65 30 leachate 22 1 

100 30 5 leachate 22 3 
100 100 5 distilled 22 3 

0.038 100 5 distilled 30 3 
0.038 30 5 leachate 30 3 

20 65 30 distilled 30 1 
20 65 30 leachate 30 1 

100 30 60 leachate 30 3 
100 100 60 distilled 30 3 

      54 
*Water quality of the 10% of water added to the steel slag mixture during sample making 

For each factor combination, the samples were placed in small plastic containers with the 
corresponding temperature, relative humidity and CO2 content. The CO2 level was set by 
forcing the flow of either atmospheric air, a mixture of N2/CO2 (80/20) or pure CO2 in the 
boxes with a pump. The humidity content in the boxes was adjusted by either drying or 
humidifying the flowing gas with a bottle containing silica gel or water. An example of the 
experimental set-up is shown in Fig. 2.  

100% humidity

CO2

Adjustment of 
relative humidity

pump

steel slag samples

H2O

Figure 2 Example for set-up of ageing experiment for ageing at 100% CO2.
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For the 3 months samples, the factors CO2 content and temperature were varied together 
which means that when a high CO2 content was present, also temperature was high. 
Therefore, the changes within the 3 months samples cannot be assigned to only one factor, but 
to the combined effect of in this case CO2 and temperature. However, for the 10 months 
samples, the factor levels of CO2 and temperature are decoupled. 

Relative humidity and the temperature are monitored with the help of USB data loggers from 
Measurement Computing (Fig. 3).  

Figure 3 USB-502 Data Loggers for temperature and humidity measurements. 

After ageing, the specimens were taken out, weighed and after brushing off loose material 
from the surface, some grams of surface material were scraped off with a spatula. The 
obtained material was used for X-ray diffraction analysis (XRD), thermogravimetry and 
differential thermal analysis coupled with quadrupole mass spectrometer (TG/DTA and 
QMS). The bulk sample was weighed.  

Although, the handling of the different samples should be as similar as possible throughout 
the experiment, there was a small difference in the way the aged samples were stored after the 
material for the XRD analysis was taken. The 3 months samples were put back in the various 
atmospheres after the XRD samples were taken while the 10 months samples were put in 
glass beakers closed with a metal lock. The 3 months samples were stored in the plastic 
containers for 23 days while the 10 months samples were stored 20 days in closed glass 
beakers before doing the leaching test. This difference in the handling procedure of the 
samples was caused by the refinement of the experimental between the first and second 
sample taking (corresponding to 3 and 10 months samples). However, it considered that this 
variation in the procedure did not have an impact on the following leaching tests. However, in 
the future the procedure for the coming samples will be the same as for the second sample 
taking.

Then, the specimens were crushed with a standard compression machine. The steel slag pieces 
> 9 mm were crushed with a hammer. After sieving (<9 mm), a leaching test was performed. 
The remaining bulk sample was ground for 20 s in a vibrating disc mill (in between grinding 
samples, grinding with muscovite for cleaning) and then used for acid neutralization capacity 
(ANC) and sequential extraction experiments. 

The ageing effect on the properties is supposed to be highest for the surface (Paper I). If 
surface samples had been used for all tests, some analyses (i.e. leaching test, sequential 
extraction, ANC) may have shown the impact of the investigated factors more clearly. 
However, since the amount of surface sample was limited to few grams, the usage of the bulk 
specimen was necessary to do further tests. 
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Detailed method description

Leaching test (SS-EN 12457-4) 
The leaching test was carried out according to SIS (2003). It could not be performed with the 
according to the standard prescribed amount of material because the weight of the specimens 
was only between 175 and 181 grams. The standard sample mass was halved for the first 
leaching tests (after 3 months) to have enough material left for the other analyses. Between 45 
and 47 g of material was used for the leaching test of the 3 months aged samples. For the 10 
months aged samples, between 90 and 97 g of slag was leached. 

The 3 months leachates were analysed twice by an external laboratory, right after the 
experiment and again 2.5 months later. The leaching data correspond to the mean value of the 
analysed leachate samples. The leachates of the 10 months samples was analysed by a 
different external laboratory because the analytical method used obtained lower detection 
limits. The results of the 10 months aged specimens correspond to the mean of three analysed 
leachates (except for the so called centre point samples). 

The following elements were analysed in the all leachates: Ca, Fe, K, Mg, Na, S12, Si, Al, As, 
Ba, Cd, Co, Cr, Cu, Hg13, Mo, Mn, Ni, Pb, Zn. Furthermore, the leachates were analysed for 
pH, electrical conductivity, redox potential14 directly after leaching and later for chloride, 
total carbon (TC), inorganic carbon (IC) and dissolved organic carbon (DOC) by the 
laboratory of the division. 

The analytical methods of the laboratory that analysed the 3 months samples were ICP-MS 
(for Al, As, Ba, Be, Pb, B, Cd, Co, Cu, Cr, Li, Mn, Mo, Ni, Se, Ag, Sr, Tl, U, V and Zn 
according to EPA 6020) and ICP-AES (for Si, Cu, Mg, Na, Fe, K and S according to SS-EN 
ISO 11885-1). 

Leachate composition of the 10 months samples was measured with ICP-AES and ICP-SFMS 
according to the (modified) EPA methods 200.7 and 200.8, respectively. The analytical 
method (AES or SFMS) was chosen according to the expected elemental concentration in the 
leachate.

Acid neutralization capacity (ANC) 
Titration was performed according to SIS (1996). In a first step, the slag solution was titrated 
down to pH 8.3. From pH 9 the burette speed was slowed down proportionally to the distance 
from the endpoint (proportional band). The burette speed was 50 ml/min. to pH 9 and 8 
ml/min to pH 8.3. When pH 8.3 was reached, the titration was continued until the final pH 
value was stable. In the second step, the solution was titrated until pH 4.5. The proportional 
band in the second step was pH 4.7 and the burette speed was 5 and 40 ml/min. 

High-energy synchrotron-radiation powder diffraction 
Four surface samples aged for 3 months were analysed. Analyses were performed for Bragg 
angles (2 ) up to 75°, with applied energy between 12 to 35 keV and synchrotron radiation 
wavelength of 1 Å. No internal standard was used. The peak intensity (in counts per seconds, 
cps) is dependent on the crystallinity of the phase. A quantitative analysis would only be 

12 No replicate for 3 months samples opposite to other elements. 
13 Only analysed for 10 months samples, analyses by using atomic fluorescence spectroscopy (AFS) 
14 Only analysed for 3 months samples 
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possible by using a standard, mixing that with the sample and collect data for a calibration 
curve.

Sequential extraction according to Tessier et al. (1979) 
The leaching test was done in five steps with about 1 g of sample. At each step was assigned 
to one mineral fraction being attacked by a specific reagent. The first step (named 
“exchangeable fraction”) included an extraction for 1 h at room temperature using magnesium 
chloride (1 M MgCl2, pH 7) while in the second step (named “bound to carbonates”) leaching 
was done with sodium acetate (1 M NaOAc, pH 5) for 5 h at room temperature. The next 
extraction step (named “bound to Fe-Mn Oxides”) was done by exposing the residue from the 
earlier steps into a solution consisting of hydroxylamine hydrochloride (0.04 M NH2OH-HCl) 
and acetic acid (HOAc) for 6 h at 96 °C. Several leaching procedures at pH 2 were performed 
in the step named “bound to organic matter. Acids such as nitric acid (HNO3), hydrogen 
peroxide (H2O2), and ammonium acetate (NH4OAc) were used for different durations and at 
different temperatures. Finally, the so called “residual” was obtained by leaching with a 
mixture of hydrofluoric acid (HF) perchloric acid (HClO4) in several smaller steps. In 
between those 5 steps centrifuging, sample taking and washing steps are executed. After 
extraction, the leachates of each step were analysed with inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) and inductively coupled plasma sector field mass 
spectrometry (ICP-SFMS) by an external laboratory. 

The extracted steel slag samples originated from the bulk of the aged specimen. The material 
was stored in closed glass beakers over several months. No replicates were included in the 
experiment. One sample built with 10% distilled water was aged under 0.038% CO2 (air), 
30% relative humidity and 5 °C. The other sample was built with 10% leachate and exposed 
to 100% CO2, 100% relative humidity and 60 °C. One blind sample consisting of only the 
different chemicals but without slag was also analyzed.
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1 INTRODUCTION

Steel slags are by-products of the steel industry originating from the refining of molten iron or 
steel. A number of different slag types are generated during the production of steel. Examples 
are slags from Electric arc furnace (EAF slag), Basic oxygen furnace, also called Linz-
Donawitz converter (BOF slag, LD slag), Argon-oxygen decarburisation converter (AOD 
slag) and from ladle furnace slag (LF slag). AOD and ladle process belong to secondary steel 
making (or secondary metallurgy) aiming to homogenize and further improve the steel 
quality.

The amount of slag generated depends on the production process and the quality of the final 
product. For example, the production of one ton of steel in an electric arc furnace generates 
between 50 and 90 kg of (EAF) slag (Murphy et al., 1997; Adolfsson, 2006). If the steel is 
treated further in a ladle to reach a higher steel quality, additional 10 to 30 kg of slag per ton 
steel are generated (Drissen and Arlt, 2000). According to data from Euroslag (2006), 15.2 
million tons of steel slags were produced in Europe in 2004, as shown in Table 1.  

 Table 1. Data about Steel slag production 2004 (Euroslag, 2006) 
EAF slag 29% 
BOF slag 62% 
Secondary steel slags 
(AOD slag, LF slag) 

  9% 

Total amount of slags 15.2 Mio tons 

Around 72% of the steel slags are reused in Europe, whereof 14% are recycled within the 
steelmaking process and 17% are temporarily stored. Around 11% of the steel slags are still 
landfilled (Fig. 1).  

internal 
recycling

14%

interim storage 
17%

final deposit 
11%

other
6%

cement 
production

1%

road production
45%

hydraulic 
engineering

3%

fertilizer 
3%

Figure 1 Use of steel slags in Europe 2004 (Euroslag, 2006).

The amount of the steel slags reused varies between countries and depends on the quality of 
the slags and the availability and prices of natural aggregates. Approximately half of the steel 
slags produced in Europe are used in road construction. Due to the beneficial properties of 
steel slags, research and development is undertaken in order to increase the quality and 
thereby minimise the amount landfilled.  
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This literature study focuses on EAF slag and LF slag, their mechanical and chemical 
properties and their mineralogy. However, other types of slags are referred to in some cases. 
Only the mineral transformations after complete cooling are considered. The aim of this work 
is to gather information regarding the long-term behaviour of these slags when used in a 
construction as landfill cover but other applications of steel slags are mentioned as well. 
Special attention is paid to the mineralogical transformations of the slags over time. Changes 
in mineralogy are caused by ageing reactions as for example dissolution and carbonation of 
mineral phases. Such processes may affect the stability of the slags and the landfill cover.  

2 STEEL SLAG PROPERTIES 

2.1 Chemical properties  

The chemical properties of steel slags strongly depend on the type of steel production and the 
type of steel produced in the process. EAF- and LF slags consist mainly of CaO (lime), SiO2,
Al2O3, MgO, Fe and Mn (Fig. 2). Especially LF slags contain high concentrations of Al2O3
ranging from 14 to 37 % (Drissen and Arlt, 2000). Small amounts of the metal oxides of Cr, 
Cu, Zn, Ni, Mo and V are also present in steel slags. After tapping the slag from the molten 
steel, different cooling methods such as air-cooling, expanding or foaming, pelletization and 
granulation (quenching) are used to cool down the slag to ambient temperature. The cooling 
rate in these processes and the chemical composition of the molten slag determines whether a 
crystalline or an amorphous (glassy) structure is formed. The slag either disintegrates into a 
powder or forms a gravel-like aggregate. Cooling affects not only the structure but also the 
mineral transformations present after cooling and therewith the solubility of elements like 
chromium (Tossavainen et al., 2007). 

Figure 2 Main oxides in different EAF slags compared to Portland cement Type II. 
 (1) Dobrowolski (1998); (2) Motz and Geiseler (2001); (3) Caley and Mac 

Donald (2001); (4) EC (2001); (5) Shen et al. (2004) 

For example, air-cooling leads to a crystalline slag with high durability while cooling by 
water granulation results in an amorphous structure with increased cementitious properties. 
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Crystalline slags are comparable to basalt which makes them suitable for reuse as aggregates 
(Tossavainen, 2005). Amorphous slags can possibly be reused in cement industry. However, 
water granulation is not frequently used for cooling of molten steel slags like EAF or LF slag 
as molten steel remaining in the slag can react with water in forming hydrogen, which can 
cause explosions. 

The cementitious properties and the strength development of ladle slag are rather low under 
normal hydration conditions. They increase with lower particle size and in the presence of 
phases like tricalcium silicate and an alkaline activator (Shi, 2002). The cement properties and 
also the hydraulic behaviour can be estimated based on the basicity. For example, basicity 
ratios representing the ratio of basic oxides to acidic oxides, are used to evaluate the 
suitability of blast furnace slags as an additive in cement production (Pal et al., 2003, Drissen 
and Kühn, 2002). These ratios can also be used for a simple comparison of different steel 
slags. A high basicity and hydraulic behaviour results in a faster cement reaction although it 
does not necessarily lead to a higher final mechanical strength. Equations 1, 2 and 3 (all 
oxides in wt%) show some examples of basicity ratios commonly used in the literature. 

B2 =
2SiO

CaO  B>1,2-1,6…basic slag; B<1,2-1,6…acidic slag15  (1) 

B3 =
2SiO
MgOCaO  or 

2SiO
MgOCaO   (2) 

B4 =
322 OAlSiO

MgOCaO   (3) 

High content of free CaO can increase the basicity and can lead to unsoundness (Shi, 2002) 
causing disruption of the cured material. High levels of free CaO and free MgO are known for 
causing harmful volume expansion of the material as they do not react with other oxides but 
with water forming hydroxides. The lower the particle size, the lower is the mechanical stress 
induced due to expansion (Locher, 2006). Enhanced hydraulic behaviour is found in ladle 
slags since they contain considerable amounts of alumina (Drissen and Kühn, 2002).  

Using backscattered electron images and phase mapping obtained with scanning electron 
microscopy (SEM), Posch et al. (2002) have related the basicity ratio CaO/(SiO2+Al2O3) to 
the mineral composition of ladle slags. The authors found that the first phase to precipitate 
during cooling (primary precipication phase) is associated to the basicity ratio. For example, 
spinel phases occur at a basicity of less than 0.8 while different calcium aluminate phases 
(Ca12A7) as well as free CaO (at basicity > 1.2) dominate at higher basicity ratios. Therefore, 
it was concluded that the mineralogy of the LF slag highly depends on its basicity (Posch et 
al., 2002).

15 Acc. to personal communication. If the FeO content of the slag is greater than 25%, it can be named acidic 
even if B2=1.6-2. 
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2.2 Mineralogical properties 

In this section, mineralogical terms and minerals occurring in steel slags are described and 
discussed.

Mineral phases 
A mineral phase can be seen as a “homogeneous portion of a system that has uniform physical 
and chemical characteristics” (Callister, 1997). In a system consisting of several phases, 
properties differ from one phase to another. Two different phases can have the same chemical 
composition but different physical properties such as crystal structure. An example is 
dicalcium silicate which can occur in the five phases: -, ´H-, ´L-, - and -Ca2SiO4.
Although all five phases have the same chemistry, the size and geometry of the unit cell is 
different (polymorphism). Transformations of one phase into another occur at fixed 
temperatures during cooling (Kim et al., 1992). Mainly, the - and -phases exist at room 
temperature.  

Ternary systems as for example CaO-SiO2-MgO and CaO-SiO2-Al2O3 are often helpful in 
determining phase formation of minerals. A simplified ternary diagram of the CaO-SiO2-
Al2O3 system is shown in Fig. 3 where typical slag compositions are presented together with 
those of other materials.  

Figure 3 Example for presenting slag compositions (here: BF slag and other materials) in 
the ternary system CaO-SiO2-Al2O3 (Swamy, 1986) 

Solid solutions 
A phenomenon often occurring in materials originating from high-temperature processes is 
the existence of solid solutions. This phenomenon, usually called isomorphism or mixed 
crystals, has been described for example by steel slags by Murphy et al. (1997) among others. 
Solid solutions are minerals that contain small concentrations of impurity atoms in their 
structure. This means that atoms from an element not contained in the chemical formula are 
randomly and uniformly included in the host mineral. Three types of solid solutions are 
known; substitutional solid solution, interstitial solid solution and omission solid solution. In a 
substitutional solid solution, an impurity atom replaces (or substitutes) a regular atom of the 
mineral (host atom). In an interstitional solid solution, impurity atoms are situated in voids (or 
interstices) between the regular atoms of the host mineral. The ability of an atom to dissolve 
in the structure of a crystal and form a solid solution is determined by factors such as atomic 
size (similar atomic radii), crystal structure, electronegativity and valency (Callister, 1997). In 
an omission solid solution a highly charged cation replaces two or more cations causing a 
vacancy.
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Substitutional solid solutions can largely change the properties of some minerals, such as 
thermodynamic stability and physical characteristics. The effect of solid solutions on phase 
transition has been studied in geochemistry (Redfern and Carpenter, 2000). It was shown that 
if larger atoms are replaced by smaller ones in the crystal, the crystal imitates changes 
induced by temperature or pressure. This process called “crystal doping” was developed as 
one way to investigate the behaviour of non-accessible minerals for example high-pressure 
earth mantle minerals (Redfern and Carpenter, 2000).
The lattice parameters of solid solutions deviate slightly from pure crystals. For example, 
impurity atoms having a different ion radius and substituting another atom can change the size 
of the lattice crystal and therewith lead to small peak shifts in an X-ray diffractogram (Jing 
Shou-Yong et al., 2000; Doman et al., 1968). Complex solid solutions show broad and 
overlapping peaks (Tossavainen, 2005). In steelmaking slag, Fe rich solid solutions can be 
found (Tossavainen, 2005). 

Steel slags can contain a large number of different minerals, depending on the steelmaking 
process, the type of slag and cooling after slag tapping. Minerals found in EAF and LF slag 
during different studies are compiled in table 2. Apart from minerals, non-crystalline 
(amorphous) shares can be present in the slags (Drissen and Arlt, 2000; Manso et al., 2005).

Table 2 Minerals in EAF and LF slag commonly found in the literature 
EAF slag  LF slag  

merwinite1,6b 

bredigite1,3

akermanite1

gehlenite1,3

dicalcium silicate 
(larnite, -C2S)6a

dicalcium silicate 
(belite, -C2S)6b

dicalcium silicate (C2S)4

dicalcium ferrite (C2F)4

wustite3, 4 

wustite-solid solution6a

brownmillerite6a

Al-Ca-Si-O phase6b

spinel-solid solution3,6b 

iron oxide6a

Ca3Mg(SiO4)2
Ca7Mg(SiO4)4
Ca2Mg(Si2O7)
Ca2Al2SiO7

-Ca2SiO4

-Ca2SiO4

2CaOSiO2
2CaOFe2O3
FeO
(Fe, Mg, Mn)O 
Ca2(Al, Fe)2O5
Al-Ca-Si-O 
AB2O4, e.g.
(Mg, Mn)(Cr, Al)2O4
Fe2O3

mayenite2,7

dicalcium silicate 
(larnite, -C2S)2,7,8

dicalcium silicate (belite, 
-C2S)2,5,7,8

gehlenite2,7 

tricalcium silicate (C3S)8

periclase2,7

portlandite2,8

lime2

bredigite8

spinel-solid solution8

tricalcium aluminate 
(C3A)2

olivine8

Ca12Al14O33
-Ca2SiO4

-Ca2SiO4

Ca2Al2SiO7
Ca3SiO5
MgO
Ca(OH)2
CaO
Ca7Mg(SiO4)4
AB2O4
Ca3Al2O6

(Mg, Fe)2SiO4

1Shen et al. (2004) referring to tailings of slag originating from stainless steelmaking 
(weathered slag) 
2Drissen and Arlt (2000) 
3Drissen (2007) referring to carbon steelmaking 
4Motz and Geiseler (2001) 
5Shi (2002) 
6aTossavainen et al. (2007); Engström (2007) referring to low alloyed steelmaking 
6bTossavainen et al. (2007); Engström (2007) referring to high alloyed steelmaking 
7Tossavainen et al. (2007); Engström (2007) 
8Manso et al. (2005) 
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In addition to the minerals shown in table 2, Shen et al. (2004) observed calcium silicate 
(2CaOSiO2), quartz, calcite and free lime (CaO) in EAF slag tailings. By separating the EAF 
sample into a strong and a weak magnetic fraction the presence of magnetite, chromite, Ni-
Cr-Fe alloys and Fe-Cr and Fe-Ni alloys was verified using X-ray diffraction (XRD).

Drissen and Arlt (2000) divided the LF slag into coarse (both fresh and stored samples) and 
fine (mainly stored) particles. For each category, major and minor minerals as well as trace 
minerals have been investigated. In the coarse samples, amorphous phases were present. Also, 
Shi (2002) studied major, minor and trace minerals of LF slag fines. Besides the main 
minerals (Tab. 2), tricalcium silicate, -dicalcium silicate and a Ca-Mg-Al-Si phase 
(54CaOMgOAl2O316SiO2) and further trace minerals were identified.  

According to Engström (2007) also bredigite, cuspidine (Ca4F2Si2O7) and periclase are often 
found in EAF slags from high-alloyed steelmaking. The same minerals occur commonly in 
LF slags, together with lime and spinel phases. Minor minerals identified in LF slag by 
Manso et al. (2005) were diopside (CaMgSi2O6), periclase, anhydrite (CaSO4) and an 
amorphous phase. In the following, a few common steel slag minerals are described.  

Silicates
Silicate phases in various forms make up a large part of steel slag minerals. Calcium silicates, 
calcium magnesium silicates, calcium alumina silicates and silicates containing iron can exist 
in EAF and LF slags. Several dicalcium silicate phases occur in steel slags depending for 
example on the temperature during cooling and the slag composition. While -Ca2SiO4
occurs in fine grained slag (possibly together with the -phase), -Ca2SiO4 mainly exists in 
coarse slag (for example Drissen and Arlt, 2000). Small amounts of other elements can be 
dissolved in silicate phases, for example V (Drissen, 2007; Bialucha, 2007). 

Spinel
Spinel phases can be the major chromium containing phase in EAF slags, possibly associated 
with Mg and Fe (Tossavainen, 2005). They possess a low solubility (Drissen, 2006). Spinel is 
the name of the mineral MgAl2O4 and of a mineral structure. Spinels are known to form solid 
solutions is steel slags. The spinel structure has the general formula AB2O4. The eight 
negative charges induced by the four oxygen anions can be balanced by metal cations in three 
ways: A2+ and 2B3+ or A4+ and 2B2+ or A6+ and 2B+. If the structure follows the formula 
B(AB)O4 instead of the previous shown A(BB)O4 the mineral structure is called inverse 
spinel. In common 2-3 spinels (A2+ and 2B3+), A can be represented by Mg, Fe2+, Mn or Zn 
and B atoms by Al, Fe3+ or Cr3+ (Lenaz et al., 2006) leading to spinel formulas as (Mg, Fe2+,
Mn, Zn)(Al, Fe3+, Cr3+)2O4. In EAF slag, spinel phases can be located between the silicate 
matter and in solid solutions (Tossavainen, 2005). 

Two types of solid solutions of the magnesium aluminate spinel MgAl2O4 (also written as 
MgO-n·Al2O3) are the alumina excess spinel, MgAl2O4·xAl2O3, and the magnesia excess 
spinel, MgAl2O4·yMgO. X and y determine the total content of the excess ion. If excess Al3+

ions substitute Mg2+ ions at tetrahedral sites, the size of the crystal lattice is decreased as Al3+

ions possess a smaller diameter than Mg2+ ions (Jing Shou-Yong et al., 2000). Alumina rich 
spinel is also used in steel ladles as castable16 material of the furnace as they provide for 
example good corrosion wear and thermal shock resistance.  

16 A refractory aggregate 
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Mayenite (C12A14O33)
The crystal structure of mayenite, described by the formula C12A14O33, consists of an anionic 
network of AlO4

5- tetrahedrons. Large interstitial spaces in the open network can be filled 
with calcium ions or free oxygen ions but the oxygen ion can also be substituted for example 
by sulphide ions (Posch et al., 2003). 

Lime (CaO) 
Lime can be present in different forms in steel slags. Posch et al. (2003) attributes 
dendritically precipitated lime as dissolved in the slag while the spherical form is undissolved. 
Lime dispersed in the slag can form solid solutions, mainly with Fe, Mn and to a smaller 
amount with Mg (Goldring and Juckes, 1997). Hydration of free lime can cause expansion of 
the steel slag matrix causing volume stability problems in a construction (Motz and Geiseler, 
2001).

Periclase (MgO) 
Periclase has the same structure as sodium chloride, namely face-centred cubic (Doman et al.,
1968). Free MgO also causes detrimental expansion after hydration. Free MgO has an even 
higher tendency to form solid solutions than free lime, especially with FeO and MnO (Juckes, 
2003).

Wustite (Fe1-xOx)
Wustite was identified by several authors for example Drissen (2007) as a main mineral in 
EAF slags. The mineral often exists as solid solution in steel slags. Specifically, wustite 
occurs in slags originating from carbon steelmaking where higher Fe contents in slags are 
common. Tossavainen et al. (2007) identified a wustite-type solid solution (Fe, Mg, Mn)O in 
an EAF slag from high-alloyed steelmaking.  

2.3 Leaching behaviour 

The leaching behaviour of a material strongly depends on the mineral composition and the 
chemical bonding rather than on the total elemental composition. Silica for example which is 
present in various silicate phases makes up a major part of steel slags and many rock materials 
and has a low dissolution rate (Tossavainen, 2005). Calcium and silicon are characteristically 
non-critical elements in steel slag leachates (Chen et al., 2007). 

The leaching of granular mineral materials such as steel slags is primarily a surface reaction in 
which leaching increases exponentially with decreasing particle size due to the higher surface 
area. Since the diffusion to the surface is low, leaching decreases with time. Other factors that 
influence the leaching of steel slags are environmental conditions such as liquid to solid ratio 
and leaching agent as well as the complexation, redox conditions, sorption processes and pH 
(van der Sloot, 1996). The exact influence of each factor is not known. However, a major 
factor for leaching is the mineralogy. Steel slags consist of different minerals formed after 
crystallizing from the steel melt during cooling. Each one of these minerals has a different 
reactivity and solubility with water (Drissen, 2007).

In general, steel slag minerals are little soluble and, hence generate low leaching levels 
(Tossavainen, 2005; Tossavainen et al., 2005; Gomes and Pinto, 2006). The solubility of 
minerals depends largely on the pH of the solution. Steel slag leachates are alkaline with pH 
values up to 12 due to the high content of lime and other alkaline oxides. Typical ranges for 
elements in EAF slag leachates determined with the modified german S4-leaching test 
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(FGSV, 1999) and pH-stat tests (8-11 mm grain size) can be found in Bialucha (2007). In the 
pH-stat tests, leaching was studied at 8 fixed pH values from the natural pH around 12 to pH 
4. For the studied EAF-, BF- and LD slag (< 1mm grain size) less Ca, Fe, Mg, Mn and Si was 
leached at higher pH values. Gomes and Pinto (2006) found that also Zn, Cu and Cd showed 
decreasing solubility at higher pH. According to Tossavainen (2005), leaching can be reduced 
after rapid cooling with water (quenching) as oxides are encapsulated in the amorphous 
structure, whereas Engström (2007) describes increasing reactivity and slag leaching due to 
surface oxidation (processes) during rapid cooling. 

In EAF slags, a high leaching of Al can occur for example if mayenite, a calcium aluminate 
phase, is dissolved. In the same study, Al showed a high solubility both at high (>pH10) and 
low (<pH5) pH values. Under acidic conditions, Al is present as Al3+ which is toxic. 
However, mayenite is not a common phase in EAF slags (Bialucha, 2007).

Critical elements concerning leaching of steel slags are Cr, Mo and V (Tossavainen, 2005). 
The leaching of Cr, Mo and V in steel slags varies depending on their presence in different 
minerals and in different distributions. In most cases, the solubility of Cr, Mo and V is very 
low in different slags (Tossavainen et al., 2007).

Mo exists as Mo0 and as hexavalent MoO4
2- in alkaline leachates. Mo leaching does not 

depend on the oxidation state, opposite to As, Se, Sb, V and Cr (Cornelis et al., 2008). 
However, a decreased Mo leaching at lower pH was reported for bottom ash from municipal 
solid waste incineration, for example by Meima and Comans (1999) and Dijkstra et al.
(2006). It was assumed that adsorption of the anion MoO4

2- on metal hydroxides can be part 
of the explanation for this result.

Cr can occur in higher amounts in steel slags but leachate concentrations are low due to the 
binding in stable crystalline phases possessing a low solubility (Motz and Geiseler, 2001; 
Drissen, 2006). Recent studies try to investigate the microstructure of slags in greater detail 
with for example X-ray absorption near-edge structure (XANES) spectroscopy (Chaurand et 
al., 2007a) and wavelength dispersive spectroscopy (WDS) (Drissen, 2007). The identified Cr 
containing minerals were dicalcium ferrite (Chaurand et al., 2007a; Drissen, 2006), spinel 
phases and wustite (Drissen, 2006). In the study of Bialucha (2007), Cr was mobilised only 
between pH 4 and 5. Bialucha and Dohlen (2008) reported about higher Cr amounts in EAF 
slag leachates. However, in other leachates originating from a test road built out of slag, the 
concentrations were lower. Cr can be present in the trivalent state and the toxic hexavalent 
state, as Cr(OH)4

- and CrO4
2- respectively (Cornelis et al., 2008). Because trivalent Cr is not 

easily oxidised, less soluble and less toxic (Bartlett, 1991), Cr6+ can be relevant in alkaline 
leachates (Cornelis et al., 2008). However, speciation studies of BOF slag have shown that 
the small amount of released Cr was only present in the trivalent form and no oxidation 
occurred during leaching (Chaurand et al., 2007b).

In alkaline leachates, V can occur in all oxidation states from 0 (V0) up to +5 (VO4
3-)

(Cornelis et al., 2008). Toxicity is increasing with the oxidation state (Barceloux, 1999). The 
leaching behaviour of V is assumed to depend on the total V content (Bialucha, 2007).  
Vanadium can be included in Fe containing minerals (Bialucha, 2007) such as dicalcium 
ferrite (Chaurand et al., 2007a). Those minerals are stable in contact with water. However, V 
can also exist in calcium silicates that have a higher solubility and can release V (Bialucha, 
2007). In the study of Chaurand et al. (2007a), V was mostly present as V4+. It showed a 
higher mobility than Cr. A hypothesis of Chaurand et al. (2007a) was that V could become 
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reduced by leaching at pH 5 and oxidised by ageing. Oxidation would lead to the formation 
pentavalent V which is the most toxic form. 

2.4 Mechanical properties 

Mechanical properties, such as volume stability and resistance against abrasion, are important 
for the reuse of steel slags in construction. Mechanical properties important for aggregates 
used in construction are compiled in table 3. Typical values for two EAF slags and for natural 
granite are presented. According to Tossavainen (2005) the quality of crystalline steel slag is 
similar to that of basalt. Mechanical properties of LF slag are rarely found in the literature, 
because this slag functions as a filler in concrete and aggregates delivering the necessary 
amount of fines (Moosberg-Bustnes, 2004). Except the properties shown in table 3, further 
aggregate properties are described below the table.

A property determining the friction and the packing between the particles is the aggregate 
shape. An elongated17 shaped aggregate has a larger surface area than an aggregate consisting 
of spherical particles. In concrete production this means that more cement is required to 
produce a concrete with certain strength if the material consists of rounded particles (BGS, 
2006). Several tests exist for testing the strength of an aggregate, for example the aggregate 
impact test, the aggregate crushing test and the 10% Fines test18 are used in Great Britain19.
The obtained values serve as indicators for the compressive strength of an aggregate.

The polished stone value (PSV) allows predictions about the materials resistance against 
abrasion and polishing. The test includes polishing of the aggregate and subsequent 
measurement of the friction. Values larger than 60 PSV20 are considered as highly skid-
resistant (Summers, 2000) which is the case for EAF slag (Tab. 3).

The amount of water that an aggregate absorbs can give details about frost resistance. 
Aggregates with absorption values larger than 4% could be sensitive to freezing. However, 
the slags tested by Coomarasamy and Walzak (1995) and by Motz and Geiseler (2001) are 
well below this value (Tab. 3). The grain size distribution and the amount of fines of a 
material determine classification as granular or silty (clayey). For this classification, the wash 
pass value is used. It defines the amount of material finer than 75 m and it is measured via a 
washing and a dry sieving step. The cracking resistance due to ice formation can be tested by 
exposing aggregate specimens to freeze-thaw cycles. In table 3, freeze-thaw resistance is 
given in weight loss (% loss per weight) even though the measurement in weight loss 
(particles are broken from surface) only takes into account the scaling resistance and not the 
internal cracking due to freezing and thawing. Length measurement or loss of elasticity 
modulus are better indicators for microcracks due to freezing and thawing (Newmann and 
Choo, 2003). 

17 Elongation is defined as 1-(width/length) and can specify the form but not the surface roughness. A particle 
with the length similar to the width (for example spherical) will have an elongation close to 0, while a needle- 
shaped particle with a length much larger than the width, will have an elongation closer to 1. 
18 The 10% fines value is the force at which 10% of fines (passing a 2.36mm sieve) are produced. 
19 The british standard series is named BS EN 1097 (1998). The international corresponding reference is EN 
1097 (1998). Each specific test has a separate number, for example EN 1097-2 for the resistance to 
fragmentation. 
20 PSV (polished stone values) is the unit used for this test. 
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Table 3 Mechanical properties of two EAF slags compared with natural granite 
 EAF slag 

(Coomarasamy 
and Walzak, 

1995)

EAF slag 
(Motz and 

Geiseler, 2001) 

Granite
(Motz and 

Geiseler, 2001)

Bulk density (g/cm3) - 3.5 2.5 
Relative density, bulk21 3.194 - - 
Relative density, apparent22 3.401 - - 
Shape – thin and elongated pieces 
(%)3

- <10 <10 

Aggregate Impact Value (%/wt) - 18 12 
Aggregate Crushing Value (%/wt) - 13 17 
Ten Percent Fines Test (kN)4 - 350 260 
Polished Stone Value (PSV) 61.0 61 48 
Water absorption (%/wt) 1.9* 0.7 <0.5 
Wash pass 75 m 6.36 - - 
Resistance to freeze-thaw (%/wt) - <0.5 <0.5 
Binder adhesion - >90 >90 
* referred to absorption (%/wt); no detailed description given in the reference 

Volume stability (expansion) is another important property for steel slags (Motz and Geiseler, 
2001). There are different requirements depending on the application. While for unpaved 
roads, parking areas and dams no restrictions are necessary, expansion needs to be limited for 
unbound and bound road layers. Motz and Geiseler (2001) also discuss different measuring 
methods for volume stability, for example the steam test according to EN 1744-1 (CEN, 
1998). According to the results of Tossavainen (2005), EAF slag shows a volume expansion 
of 0.7 to 0.8%.

Expansion tests (ASTM D 4792) to determine dimensional stability of LF slags were found to 
be below 0.3% after 150 h (Manso et al., 2005). Additionally, Manso et al. (2005) tested 
different properties such as compressive strength of mortars of LF and EAF slag mixtures 
with 0 to 4% of addition of Portland cement. The mixture of 70% EAF slag, 30% LF slag and 
2% Portland cement resulted in the highest long-term compressive strength with 4.70 MPa 
after 90 days of curing. The authors concluded that LF slag obtained good resistance to loads 
and good durability making it suitable for paving roads.  

Manso et al. (2006) tested water absorption, resistance to fragmentation (Los Angeles Test) 
and expansion for an iron oxide rich EAF slag originating from plain and low-alloyed carbon 
steelmaking. The 4-20 mm slag particles showed a water absorption of 10.5%, a Los Angeles 
loss of <20% and an expansion average of 0.25%. After testing, it was concluded that the 
EAF slag can be used as admixture in slag concrete after an efficient stabilization of the slag 
(Manso et al., 2006).

21 Relative density is absolute density divided by absolute density of water, i.e. the density relative to water. It 
consists only of a number, i.e. has no unit.  
22  The difference between bulk and apparent density is that bulk density includes the solid bulk material, the 
enclosed pore and the open pore volume, while for the apparent density the open pore volume is not taken into 
account. For a material, with no open pores, apparent and bulk density are equal to each other. 
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Stiffness of an aggregate is the resistance against resilient deformation and can be measured 
by the modulus of elasticity (or modulus of resilience). It can also be estimated by using 
cyclic load triaxial tests. The ability to resist permanent deformation (stability) and load 
bearing capacity are other properties that help to estimate if an aggregate can be applied as an 
unbound road material (Arm, 2003). Another test for measuring the deformation under load 
(ASTM D 1883) is the California Bearing Ratio (CBR).  

3 AGEING REACTIONS

In this section, the reactions during ageing (weathering) of steel slags are described. Steel 
slags are exposed to both physical and chemical weathering in a construction whereof 
particularly the latter is described below. In general, the main agents of chemical weathering 
processes include moisture, free oxygen, carbon dioxide, organic acids and nitrogen acids 
(Krauskopf and Bird, 1995). Chemical weathering can occur as oxidation, congruent 
dissolution (by water), incongruent dissolution (by an acid) and incongruent dissolution (by 
an acid leading to ions in solution plus a remaining solid) (Eby, 2004). Minerals exposed to 
weathering are called primary minerals while the resulting minerals are called secondary 
minerals. Transformations of mineral phases are occurring if a primary mineral phase is not 
stable anymore. If the stability ranges of a mineral are exceeded, the mineral will transform 
and the properties change. The weathering processes in silicate rocks for example takes place 
in several stages. At the beginning, physical weathering dominates, followed by 
crystallization of clay minerals. Hydrolysis of silicates leads to formation of oxides and 
hydroxides (Wenk and Bulakh, 2004). Generally, the weathering of silicates in nature 
involves first a rapid loss of Na, Ca and Mg, followed by a slow release of K and Si and an 
even slower release of Fe and Al (Krauskopf and Bird, 1995). The dissolution mechanism of 
silicate minerals is controlled by surface reactions (Appelo and Postma, 2005). The same 
processes happen in steel slags.

The reactivity of steel slag towards chemical and physical attacks depends on the chemical 
and mineralogical composition and on permeability (Chen et al., 2007). Information is scarce 
as few studies have been published specifically about ageing of EAF and LF slags. 
Coomarasamy and Walzak (1995) described effects of moisture on the surface characteristics 
of steel slags (EAF, BOF). According to their results, high humidity exposure (90 to 100%) at 
30 °C for 10 days resulted in a change of the surface morphology with a cover of calcium rich 
crystals on the slag particle surface. This cover of calcium carbonate compound was fragile 
and could be easily removed. An increase in temperature to 50°C lead to even thicker and 
more uniform crystals with a higher deposition rate. Coomarasamy and Walzak (1995) 
therefore conclude that humidity leads to a moisture film saturated with reaction products 
from slag dissolution. 

Additionally, information about the ageing processes and weathering reactions has been 
collected for other types of slags or other cementing materials. Gee et al. (1997) reported that 
for slags not originating from steelmaking but from Pb smelting sites, weathering was 
believed to cause dissolution of unstable phases such as dicalcium silicate leading to voids in 
the structure where water and air could intrude. For the same slag, the pH of the soil 
environment has been found to significantly control the rate of slag-weathering and metal 
release. The soil pH of a slag site exposed to weathering is determined by the slag minerals 
formed. For deposited 200 year old slag rich in Ca, the measured soil pH has been around 8 
and only small Pb release occurred. Carbonates prevent Pb mobilization, if the soil pH stays 
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between 8 and 5. If carbonate formation slows down the release of metals as Pb, any buffer 
capacity need to be taken up first before any metal release due to weathering can occur. For 
sites with low Ca content, metal release occurred down the soil profile. The more Ca is 
present, the higher the buffer capacity due to formed carbonates and the lower the sensitivity 
to acid increase. However, as metal migration rates in soils are not believed to be linear, the 
relation between weathering rates and metal release is not predictable (Gee et al., 2001).

Hydration
A typical reaction when slag is stored outdoors is hydration of free lime. Over few weeks, free 
lime exposed to moisture transforms into calcium hydroxide (Ca(OH)2). Later, these 
hydroxides are transformed into calcite. Lime inside the slag bulk is transformed slower 
depending on the transport rate of moisture into the bulk. At some point, the formation of 
carbonates has the same rate as the formation of hydroxides (Juckes, 2003). Expansion of slag 
due to hydration of unassimilated lime and the following disruption promotes the further 
hydration of the slag bulk. Therefore, slags containing high amounts of free CaO or MgO can 
exhibit durability problems due to low volume stability. This can reduce strength and can 
cause cracks which can be avoided through grinding and moisturing by weathering 
(Moosberg-Bustnes, 2004; Juckes, 2003). Oxides possibly dissolved as solid solutions in the 
lime structure are FeO, MgO and MnO depending on the cooling rate and temperature (Inoue 
and Suito, 1995). Two of these oxides, FeO and MnO, are assumed to decrease the reactivity 
of free lime towards hydration (Inoue and Suito, 1995; Juckes, 2003). If the lime phase is well 
crystallised, it hydrates less readily (Goldring and Juckes, 1997).

Hydration of MgO is similar to the reaction of free lime but takes longer. Hydration is less 
likely if the phase is enriched in FeO. MgO hydrates readily to form brucite (Mg(OH)2) which 
is accompanied by expansion of around 117%. Hydration is primary a solid state 
transformation (Goldring and Juckes, 1997). 

A major part of steel slags are dicalcium silicates. After a slow hydration process, silicate 
hydrates occur and due to the parallel formation of calcium hydroxide, these silica hydrates 
have a lower Ca/Si ratio than the dicalcium silicates. The calcium hydroxide will transform 
into calcium carbonate later which will lead to an equilibrium of calcium hydroxide and 
calcium carbonate formation (Juckes, 2003).  

Secondary alteration reactions of the slag minerals dicalcium silciate, tricalcium silciate, 
magnesiocalciowustite (Fe,Mn,Mg,Ca)O phase (RO phase), lime phase (Ca, Fe)O and 
periclase MgO have been described by Goldring and Juckes (1997). Dicalcium silicate (C2S)
and tricalcium silicate (C3S) partially form hydrate gels (C-S-H) and portlandite (Ca(OH)2) as 
hydration products. The hydration of lime can vary, as in well crystallized phases hydration 
can be slower also depending if the phase is present as macroinclusions or dispersed in the 
slag matrix. Calcite and portlandite are the alteration products which occur in pores and 
cracks after dissolution and reprecipitation. C-S-H like gel and calcite are formed from C3S
after carbonation of cementitious systems as for example cement solidified waste.  

Carbonation
Environmental exposure can partially change the mineral structure of the steel slag (Drissen 
and Arlt, 2000; Johnson et al., 2003). One impact factor is the carbon-dioxide in the air, 
respectively the surrounding atmosphere.  
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CO2 diffuses into the pores of the structure and dissolves in water to form carbonic acid 
(H2CO3).

  CO2+H2O  H2CO3 (4)

The carbonic acid leads to a slight decrease of the pH as alkali in the pores are neutralized. 
The majority of the CO2 molecules does only physically dissolve and not dissociate to 
carbonic acid (H2CO3). Moreover, the solubility of CO2 in water decreases with increasing 
temperature. At 30 °C (and atmospheric pressure) about 1.26 g/kg of CO2 dissolve in water 
and at 60 °C it is about 0.58 g/kg (Dean, 1999). The species of carbonic acid that are present 
after dissociation in water depend also on the pH (Brownlow, 1996; equations 7 and 8).

  H2CO3 + H2O  HCO3
- + H3O+ (5) 

  HCO3
- + H2O  CO3

2- + H3O+ (6) 

 at pH 5:  95% H2CO3(aq)  5% HCO3
- (7)

 at pH 9: 95% HCO3
- 5% CO3

2- (8) 

The carbonation reaction is well known and for example described in Huijgen et al. (2004). 
Detailed studies with regard to the industrial application of aqueous carbonation processes 
were performed. During carbonation, Ca leaching occurs and dissolved CO2(aq) is converted 
to hydrogen carbonate (HCO3

-; bicarbonate) and carbonate (CO3
2-) leading to calcite 

precipitation. This can be presented as: 

  CO2 (g) + H2O (l)  2H+(aq) + CO3
2-(aq) (9) 

  CaSiO3(s) + 2H+(aq)  Ca2+(aq) + SiO2(s) + H2O(l) (10) 

  Ca2+(aq) + CO3
2-(aq)  CaCO3(s) (11) 

According to the findings of Huijgen et al. (2004, 2005), the rate-determining step (below 
optimal conversion temperature, i.e. 200 °C) of aqueous carbonation is the Ca-diffusion 
through the solid slag matrix and towards the slag surface. CaSiO3 in equation 10 represents 
at the same time other silicates as for example (Ca,Mg)SiO3.

It was shown by SEM measurements that Ca leaching leads to a Ca silicate core surrounded 
by a rim of a SiO2 phase low in Ca. This zone is assumed to hinder further Ca diffusion and 
therewith reducing the carbonation rate. Particle size and reaction temperature were the two 
main factors determining the reaction rate. (Huijgen et al., 2005). Calcite formation due to 
carbonation is limited by the amount of available CaO (Fernandez Bertos et al., 2004) and 
Ca(OH)2, the temperature, CO2-concentration and relative humidity in the pore structure 
(Saetta et al., 1993).

Apart from Ca also Mg, Sr and Ba can form carbonates during aqueous carbonation of steel 
slag (Huijgen and Comans, 2006). If carbonates are formed, the concentration of that alkaline 
earth metal in the leachate decreases. Carbonation of brucite (Mg(OH)2) happens less readily 
as it does not dissolve in water as much as portlandite (Goldring and Juckes, 1997).

Mineralogical transformation after carbonation of a mixture of EAF slag and AOD slag were 
observed by Baciocchi et al. (2008). The steel slag samples were carbonated in a pressurized 
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chamber, at 75% rel. humidity, 100% CO2 and at a L/S of 0 to 0.6 l/kg. As a result, periclase 
(MgO) disappeared in the X – ray diffractogram, Mg-Cr and Ca-Al-Fe oxides showed lower 
peak intensities as well as silicate phases. At the same time calcite peaks increased and 
dolomite formed. Similar observations were reported by Johnson et al. (2003).

Hydrolysis
Hydrolysis is the main reaction considering chemical weathering of carbonates and silicates. 
The mineral reacts with H+ or with OH- ions. Silicate hydrolysis increases at acidic and 
alkaline conditions as shown for potassic feldspar in equation 12 and 13 (Scheffer and 
Schachtschabel, 1998). 

 KAlSi3O8 + 4H+  K+ + Al3+ + 3SiO2 + 2H2O (12) 
 KAlSi3O8 + 2OH-  K+ + Al(OH)3 + 3H3SiO4

- (13) 

An example for the dissolution of dolomite by hydrolysis is given by equation 14. The 
hydrolysis of carbonates includes dissolution of CO2 and therewith increases at lower pH 
values.
 CaMg(CO3)2 + 2 H2CO3  Ca(HCO3) + Mg(HCO3)2 (14) 

The dissolution of carbonates is faster and more intense at higher temperatures despite the 
lower solubility of CO2. This can be explained by higher microbiological activity in soils at 
higher temperatures (Scheffer and Schachtschabel, 1998). 

Oxidation
Oxidation is another type of ageing reaction. Changes in the oxidation state of steel slag (BOF 
slag) after natural ageing for 2 years (outdoors) have been studied by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) 
and X-ray near edge absorption spectroscopy (XANES). Even though only changes in average 
valence state could be measured, an increase of the valence state of V in altered steel slag 
sample was assumed (Chaurand et al., 2007a). As V becomes more toxic at a higher valence 
state, knowledge about oxidation reactions and changes in valence state are crucial in 
estimating long-term effects of ageing.  

Oxidation of metals such as Fe, Mn, Zn, Al and trace metals as Cr can occur after metal 
release from weathered slag. Those reactions lead to a higher pH and hydrogen (H2) is 
released (Roadcap et al., 2005). Examples are: 

  Fe0 + 2H+  Fe2+ + H2  (15) 
  Fe0 + 2H2O  Fe(OH)2 (aq) + H2 (16)
  Fe0 + 2H2O  FeO + H2 (17) 

Under reducing conditions, hydrogen is consumed and the pH in equation 15 would increase 
to about pH 11.5 according to geochemical modelling. After oxidation with H2O, ferrous 
hydroxide is formed (equation 16) leading to a pH of 11.9. If precipitation of minerals is 
included in the modelling, crystalline FeO would form (equation 17) and a pH of about 8 
would establish (Roadcap et al., 2005). 
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Oxidation of minerals such as Fe containing silicates goes along with hydrolysis reactions 
(Scheffer and Schachtschabel, 1998). The oxidised Fe will be released from the mineral 
structure and react with OH- ions. An example of weathering of an Fe(II)-silicate (pyroxene) 
is given by: 

 4CaFe2Si2O6 + O2 + 8H+  4FeOOH + 4Ca2+ + 8SiO2 + 2H2O (18) 

4 IMPACT OF MINERAL TRANSFORMATIONS 

Mineral transformations affect several properties for example porosity and strength. A 
significantly decreased porosity (35% for carbonated compared to 48% for control samples) 
results from calcite precipitation (Walton et al., 1997). It was shown, that the carbonated 
reaction layer grew most rapid at a relative humidity of 50-65%. Despite the decreased 
porosity, diffusion coefficients of unreactive species on the outer side of the samples 
increased. Higher diffusion coefficients could possibly originate from microcracks of the 
carbonated area (caused by shrinking) or migration of dissolved species migrating from 
outside into the samples. Hydration and carbonation reactions can lead to volume changes and 
strength gain (Setién et al., 2009). Also, Fernandez Bertos et al. (2004) report about increased 
strength while leaching was decreased. Weight gain is another possible result of carbonation 
(Chen et al.; 2007).

By accelerating carbonation, long-term processes can be studied that otherwise would take 
much more time, as in nature the CO2 content in air is around 0.038% (Chen et al., 2007). 
Increasing the CO2 content, i.e. CO2 pressure, reducing the particle size, fixing reaction time, 
temperature, stirring rate and L/S ratio are measures to accelerate aqueous carbonation 
(Huijgen et al., 2005). 

Positive effects on leaching behaviour after carbonation of steel slag (LD slag) suspensions 
have been measured by Huijgen et al. (2004) and Huijgen and Comans (2006). Carbonation 
of Ca phases and the resulting calcite reduced leaching of alkaline earth metals. However, a 
faster Ca leaching was reported for carbonated artificial samples made of Portland cement, 
metal ions and waste water as well. Ca binding to the surface due to carbonation was much 
lower than the physical diffusion rate (Walton et al., 1997).

A significantly decreased Ba leaching after carbonation occurred presumably due to formation 
of BaCO3 or solid solutions such as (Ba,Ca)CO3. Leaching of V increased at the same time 
assumingly due to dissolution of Ca-vanadate (Huijgen and Comans, 2006). However, V 
leaching can be influenced by the hydration of free lime which increases the pH and therewith 
reduces dissolution of V containing calcium silicates (Drissen, 2006). Lower leaching of Sr of 
carbonated samples due to possible formation of solid solutions with calcite was reported by 
Walton et al. (1997). A reduced the solubility of most metals can be expected because of a 
lower pH. But also a higher metal leaching of carbonated steelmaking slag was found (Chen
et al., 2007).

Other impacts due to ageing can be oxidation and consequently changes in toxicity of metal 
ions (Chaurand et al., 2007a). But also a decrease of the surface area of Al- and Fe-
(hydr)oxides is possible which could reduce leaching of trace elements due to higher sorption 
(Huijgen and Comans, 2006). Due to an increasing amount of metal (hydr)oxides, the 
availability of for example Mo was increased. Generally, Cd, Pb Zn, Cu and Mo leaching are 
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lower after weathering which is in agreement with the fact that the leaching minima of many 
elements lies at neutral conditions. However, the processes responsible for leaching of 
carbonated phases are expected to be different and further discussed in Meima and Comans 
(1999).
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5 CONCLUSIONS 

In the last years, research on by-products as steel slags has advanced considerably, leading to 
a better understanding of the material properties and an increased reuse of steel slags in 
different applications. Steel slags can have different properties even in case they originate 
from the same steelmaking process. Knowledge about ageing reactions and long-term stability 
of steel slags will increase the possibilities for reusing steel slags in different applications. For 
studying the long-term behaviour, not only the chemical composition is important but also 
mineralogy has to be considered.  

The mineralogical properties determine the long-term stability because the mineral 
structure is affecting all properties including grain size distribution, volume stability, 
cementitious properties, leaching behaviour, solubility and sorption of ions (on 
mineral surfaces). 

Steel slags often have a complex mineralogy with many possible mineral phases. 

Methods such as XRD, SEM, EDX/WDX or XANES are useful tools to analyse steel 
slag minerals and possible changes due to ageing.  

Ageing reactions include hydration, carbonation, hydrolysis and oxidation. Mineral 
transformations of steel slags due to ageing include: 

- Formation of hydrations of reactive phases as free lime,  
- formation of carbonates, for example calcite,  
- dissolution of Ca and Si containing minerals (hydrolysis) leading to a release 

of metal ions and proton consumption and  
- oxidation of released metal ions.  

Right from the start of the construction, the liner cover of a landfill will be exposed to 
weathering and mineral ageing. High amounts of e.g. CaO or MgO in steel slags will 
lead to hydration (inducing cementitious reactions) and carbonation. High humidity 
and temperatures above ambient level can be expected to have an intensifying effect 
on these processes. 

Metal leaching decreases with decreasing pH. Leachates originating from carbonated 
steel slag samples may contain less Ca, Ba and Sr but higher concentrations of V than 
non carbonated samples, depending on the mineralogy.  

The precipitation of carbonate phases in the pores of the material during carbonation 
leads to a decreasing porosity. This can be connected to a lower permeability of the 
liner in the short term. Also, gain of strength and weight of the carbonated slag are 
expected consequences of carbonation. The reactions will primarily occur at the top 
and the bottom of the liner.  

After carbonation, carbonates may get dissolved by hydrolysis. This includes buffering 
of carbonates. The buffering reactions of carbonates will decelerate the mineral 
dissolution.
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After the carbonates are dissolved, silicate weathering will continue. The pH is 
expected to decrease which may increase the risk of metal leaching. The permeability 
of the liner may increase due to former loss of carbonates.  

Metal particles in the slag may get oxidised if the liner comes into contact with an 
oxygen rich atmosphere. The metals are released from the mineral structure and can 
form new phases.  

Progress has been made in the research of steel slag properties but several open questions 
remain. 

Mechanical tests are necessary to determine if a steel slag can be used as an aggregate 
for example in road construction or as a barrier material. It has been seen in the past, 
that tests have predicted sufficient quality but under real conditions in a construction, 
the behaviour may be different. In case available standardised tests are not sufficient 
to estimate the behaviour, alternative tests have to be developed. The results should be 
interpreted and compared with known materials and need to be verified with field data 
as well. 

The leaching behaviour of steel slags differs and depends to a large extent on the 
mineralogy. Hitherto, only little is known about the dependencies between leaching 
and mineral structure. The bearing phases of various elements need to be identified 
and their solubility needs to be studied. Further studies are necessary concerning how 
well certain elements are bound into carbonate phases.
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Abstract

Fly ash from refuse derived fuel (RDF) incineration and steel slags from high-alloyed tool 
steel production were used in two full scale applications of cover constructions on municipal 
solid waste (MSW) landfills. The long-term stability of the cover materials is studied in a 
designed laboratory experiment. The impact of six environmental factors on material 
properties due to ageing by e.g. accelerated carbonation is investigated. Leaching behaviour, 
acid neutralization capacity, mineral composition (XRD) and thermo gravimetrical behaviour 
(TG) are tested after different periods of ageing under different conditions. Samples aged for 
3 and 10 months were evaluated. Multivariate data analysis was used for data evaluation. The 
results indicate the factors material, ageing time and carbon dioxide content of the atmosphere 
to be most important.  

1. Introduction 

Fly ash and three types of steel slags were investigated in two full scale applications of cover 
constructions on municipal solid waste (MSW) landfills. Since landfill covers are expected to 
function for a very long time, the long-term stability of the cover components is of special 
interest. Mineral transformations take place due to non-equilibrium conditions between the 
materials and their environment and affect both the properties of the materials and their 
interaction with their environments. Under landfill conditions carbonation is expected to be an 
important mineralization process due to the CO2 content of landfill gas, about 50 vol-%. A 
laboratory experiment was designed to study the effect of six different factors on leaching, 
acid neutralization capacity (ANC) and mineral transformations (Thermogravimetry, TG and 
X-ray diffraction, XRD) over time. The aim of this work is to identify possible changes in 
material properties due to ageing and to rank the impact of the investigated factors; carbon 
dioxide content, relative humidity, ageing time, temperature, water quality and material.  

2. Materials 

Fly ash from refuse derived fuel (RDF) incineration and steel slags from high-alloyed tool 
steel production were used in two landfill cover field tests in Sweden. The fly ash derives 
from a grate type incinerator which is supplied with RDF composed mainly of sorted 
construction and demolition waste like paper, cardboard, plastic, wood, railway ties and wood 
chips. The fly ash consists of a mixture of electrostatic precipitator and hose filter ash. It was 
stored in silos at the power plant and moistened prior to transport to the landfill where it was 
sampled immediately after it was unloaded from the truck. Three different types of steel slags, 
namely: electric arc furnace slag type one and two, called EAFS1 and EAFS2, and slag from 
ladle treatment, called LS were used. The composition of the materials is given in Fig. 1. 
Specimens were built; half of them with fly ash and the other half with steel slags. The 
samples correspond to the composition of the liner layers in the two field tests. Optimum 
material mixtures and moisture conditions had been determined in previous studies (Andreas 
et al., 2005 and 2007; Travar et al., 2005; Diener et al., 2006). For the steel slag samples a 
mixture of 50% EAFS1 and EAFS2 (< 8 mm, ratio of EAFS1 to EAFS2 was 2.6:1) and 50% 
LS (< 19 mm) was used. 10% w.w. of water was added and then the mixture was compacted 
in small cylinders with a proctor device. The fly ash was used as it arrives at the landfill; 
sieved < 10 mm and mixed with water to a content of 30% w.w. After weighing and marking, 
the specimens were placed into boxes according to the different atmospheric conditions 
described in section 3. 



Fig. 1. Main elements in the used steel slag mixture and fly ash; compared to bottom ash from 
waste incineration (MSWI BA; Bäverman, 1997) and cement type II (Dobrowolski, 1998). 

3. Methods 

Accelerated carbonation and ageing of both fly ash and steel slag is studied in a laboratory 
experiment with the help of a reduced multivariate factorial design (Table 1) including six 
factors: time, atmospheric conditions such as CO2 content, relative humidity, temperature, 
quality of the water added during sample preparation, and material. 108 specimens (height  
40 mm), including replicates, were prepared (material mixing, water addition and mixing, 
compaction into cylindrical shapes with 50 mm diameter, curing) and stored in boxes 
according to the design. Analyses are performed according to table 1 starting with 24 “zero-
samples” three months after the start (August 2007). The evaluation is based on analyses as 
XRD, TG, ANC and a 24 h standard leaching test. 

Table 1
Multivariate factorial design of the laboratory experiment 
 Low Middle High 
Relative humidity 30% 65% 100% 
Carbon dioxide Air (0.038%) 20% 100% 
Temperature 5 °C 30 °C 60 °C 
Time 3 months 10, 22 months 30 months 
Material Fly ash - Steel slag 
Water quality for 
building samples 

Distilled water - Leachate (from a 
column experiment) 

The setup of the laboratory experiment includes a fridge (5 °C), a heating cabinet (60 °C) and 
a climate room for the 30 °C samples. Gas bags containing carbon dioxide were connected to 
a pump, from where tubes lead to bottles with or without water and silica gel, respectively. 



The humidity and the temperature are recorded discontinuously with the help of USB data 
loggers (by Measurement Computing Corp.). 

So far, the three months samples have been analysed for ANC, TG/QMS, XRD, and leached 
using a 24 h standard leaching test (SS-EN 12457-4) with a liquid-solid ratio of 10 (L/S 10). 
The ten months samples have only been analysed for the latter two by now.

The mineral structure was analysed using particles from the surface of the specimens that 
were removed before the specimens were crushed for further analyses. The surface particles 
were ground for 20 s in a vibratory disc mill after drying at 105 °C. The XRD instrument was 
a Siemens D5000 using CuK  radiation. Analyses were performed from 10 to 90 °2 , in 
0.02 °/step and 4 s/step.

The XRD sample was also used for TG analysis and Quadropole mass spectrometry (QMS) 
for CO2 analysis. The TG analysis was performed with a Netzsch STA 409 in an argon 
atmosphere with a constant flow of 100 ml Argon/min. The heating rate was 10 °C/min and 
the analysis was performed from 100 to 1000 °C. Four slag and four ash samples (aged for 
three months) were analysed with TG/QMS. The sample weight was 21.0 ± 0.91 mg.  

The leaching test (< 9 mm) and the ANC titration were performed using the bulk of the aged 
specimens. The specimens were crushed and sieved. Additionally, the samples for the ANC 
analyses were grinded after crushing, dried at 105 °C and sieved <125 m.  
The ANC was determined for the 24 three month samples; three times per sample for the 
ashes and twice for the steel slag samples. 1 g of the sample has been titrated in a suspension 
with deionised water at L/S 110. ANC was tested according to the standard  
SS-EN ISO 9963-1 using a TitraLab system (Radiometer Analytical S.A., Lyon, France) with 
an ABU 901 autoburette and the TIM900 titration manager, both controlled by the computer 
software TimTalk9 version 2.1 (LabSoft, Radiometer Analytical S.A.). The pH was measured 
using pH glass electrodes with Red Rod technology (Radiometer Analytical S.A.). The 
variable called “Start pH ANC” refers to the first pH measured by the electrode at the 
beginning of the titration procedure. The titration was conducted in two steps: from the Start 
pH to pH 8.3 (ANC 8.3) and from pH 8.3 to pH 4.5 (ANC 4.5). 

The results of the analyses were evaluated with multivariate data analysis (software SIMCA, 
Umetrics AB). A model was created according to principal component analysis (PCA) and 
partial least squares (PLS) method. The results are illustrated in two complementary, 
superimposable plots: The Score Scatter plot containing the observations and the Loading 
Scatter plot showing how the variables of the samples correlate. The loadings are weights 
combining the original variables to form the scores. The most important variables are found in 
the periphery of the loading plot; the most uninfluencial are situated close to the origin 
(Umetrics AB, 2006). 



4. Results

4.1. Acid neutralisation capacity measurements of three months aged fly ashes and steel slags 

The steel slag specimens (Fig. 2) exposed to 100% CO2 and 60°C showed a lower ANC 8.3 
and a higher ANC 4.5 compared to the steel slags exposed to 0.038% CO2 at 5 °C. The factor 
CO2 was also varied with the factors relative humidity and water quality. However, the latter 
two factors did not show an impact on ANC. 

 Fig. 2. ANC for three months aged steel slag samples 

The ANC of the fly ash samples (Fig. 3) was in the same order of magnitude as for the steel 
slags. However, the decrease of ANC 8.3 after ageing at 100% CO2 was stronger and, 
opposite to the steel slags, also the ANC 4.5 decreased for these samples. 

 Fig. 3. ANC data for three months aged fly ash samples. 

It seems that only the factor CO2 (coupled to the temperature factor) had an influence on the 
ANC of both ash and slag samples after three months ageing. 



A PCA model for the ANC results including also the variables pH and electrical conductivity 
from the 24 h leaching test is presented in Fig. 4 and Fig. 5. The two variables pH and EC 
from the 24 h leaching test are added to the model to compare the leaching test with the ANC 
measurements. Four groups of observations can be distinguished: (1) the air treated ashes, (2) 
the air treated slags, (3) the CO2 treated ashes and slags (exposed to high temperature at the 
same time), and (4) two outliers of the CO2 treated ashes (far to the left). Group (3) indicates 
that the treatment with CO2 diminishes the differences between the materials concerning the 
variables included in the model. 

Fig. 4. Score Scatter plot for PCA model for all three months samples including pH (L/S 10, 
24h), electrical conductivity EC (L/S 10, 24h), Start pH ANC (L/S 110, 0.17h), ANC 8.3 and 
ANC 4.5 showing the factors material and CO2.

Fig. 5. Loading Scatter plot for PCA model for all three months samples including pH (L/S 
10, 24h), electrical conductivity EC (L/S 10, 24h), Start pH ANC (L/S 110, 0.17h), ANC 8.3 
and ANC 4.5 (complementary to Score plot in Fig. 4). 

The model explains 82% of the data variation within the first two principal components. The 
first principal component (horizontally) explains mainly the influence of CO2 treatment on the 
pH and the ANC 8.3. Both the pH of the suspension at the beginning of the ANC test (Start 
pH ANC), the pH measured after the leaching test at L/S 10 and ANC 8.3 show a similar 
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impact due to ageing. The second principal component (vertically) explains mainly the 
variation due to the electrical conductivity and ANC 4.5. The former one was highest for the 
CO2 aged ashes and the latter one was lowest for the air treated slags. 

4.2. Leaching test of three and ten months aged fly ashes and steel slags 

The leaching test results are evaluated with a PLS model from where the three main principal 
components are presented (Fig. 6 to 9). The factors material and ageing time (Fig. 6, 7) and 
the material and CO2 condition (Fig. 8, 9) are shown together. All three principal components 
together explain around 50% of the total data variation.

The fly ash and steel slag samples form two separate groups (Fig. 6). The reason is the factor 
material. The groups are distinguished by their position on the x-axis representing the first 
principal component (Fig. 7). The second and third strongest factors are time and CO2,
respectively. The first and the second principal component explain 25 and 13% of the data 
variation, respectively. 

Fig. 6. Scores Scatter Plot of first (x-axis) and second (y-axis) principal component of PLS 
model (Simca) including fly ash and steel slag data from the 24h leaching test and the 
variables seen in Fig. 7. The two factors material and ageing time are presented.  

Fig. 7. Loadings Scatter Plot of first (x-axis) and second (y-axis) principal component of PLS 
model (Simca) including fly ash and steel slag data from the 24h leaching test 
(complementary to Fig. 6) 
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High aluminium and low calcium, sodium and chloride concentrations in the leachate were 
characteristic for the aged steel slags (Fig. 6, Fig. 7). The fly ash leachates are characterised 
by lower aluminium and higher calcium, sodium, potassium, lead, chloride, mercury and 
cadmium concentrations.  

As indicated by the location of the three and ten months samples in Fig. 6 and of the factor 
time in Fig. 7, the leaching in general increased after a longer period of ageing, especially for 
magnesium but also for other elements located in the lower half of the loading plot. A 
negative correlation, i e a lower leaching after ten months compared to three months could be 
observed for e g chromium. It is not possible to evaluate iron as the majority of the results 
were below the detection limit. The factors water quality and relative humidity did not have a 
significant impact on the results according to the model.  

The impact of the factor CO2 becomes clearer if one looks at the third principal component 
which is plotted against the first principal component in Fig. 8 and Fig. 9. The third principal 
component explains an additional 13% of the data variation and points at the influence of the 
factor CO2 on the leachate pH and concentrations of dissolved organic carbon (DOC) in the 
leachate.

Fig. 8. Scores Scatter Plot of first (x-axis) and third (y-axis) principal component of PLS 
model (Simca) including fly ash and steel slag data from the 24 h leaching test and the 
variables seen in Fig. 9. The two factors material and CO2 condition are presented.
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Fig. 9. Loadings Scatter Plot of first (x-axis) and third (y-axis) principal component of PLS 
model (Simca) including fly ash and steel slag data from the 24 h leaching test 
(complementary to Fig. 8) 

The leaching of DOC tends to be higher at higher pH values, which was the case when the 
CO2 content in the atmosphere was low (0.038 or 20%).  

4.3. XRD 

All samples analysed with XRD show differences with regard to peak positions and intensities 
in the diffractograms. Fig. 10 shows the diffractograms for two steel slag samples: one 
exposed to low CO2 content for three months and one exposed to high CO2 for ten months. 
The main minerals detected in the mostly crystalline steel slags are periclase (MgO), 
dicalcium silicate (Ca2SiO4), merwinite (Ca3Mg(SiO4)2) and monticellite (CaMgSiO4). 
Moreover, traces of spinel (MgAl2O4) and mayenite (Ca12Al14O33) could be confirmed. A 
quantitative analysis of the diffractograms is not possible due to the sample characteristics 
(e.g. number of minerals, solid solution effect).  

10 20 30 40 50 60 70 80 90

2-Theta angle

In
te

ns
ity

0.038% CO2-100% rel.hum.-5°C-leach-3 months
100% CO2-100% rel.hum.-5°C-leach-10 months

Fig. 10. XRD of two steel slag samples aged under different conditions from 10 to 90 °2
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Except calcite formation, no new mineral phases could be identified after ten months ageing 
time.  

4.4. TG of three months aged fly ashes and steel slags 

The weight loss between 100 and 1000°C was investigated using TG. The weight loss was 
lower (6 to 10%, Fig. 11) for the steel slag samples compared to 23 to 32 wt-% for the fly ash 
samples (Fig. 12). Looking at the CO2 conditions, the weight loss was higher for the samples 
aged at 100% CO2. Carbonates decompose at about 700 °C. Therefore the weight loss 
between 600 and 750 °C is important to verify carbonation. In this temperature range, the 
weight loss is largest for the samples stored in 100% CO2. It corresponds to a 3.1 times higher 
weight loss for the carbonated slags and an about 1.6 times higher weight loss for the 
carbonated fly ashes compared with the respective samples stored in air. A clear impact of the 
other studied factors could not be found for the thermal analysis results.  
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Fig. 11. TG weight loss and carbon dioxide content in the gas stream (QMS) for four steel 
slag samples A, B, C and D. Ageing conditions were for A – 0.038% CO2, 30% rel. hum., 
5 °C, dist. water, three months; for B – 0.038% CO2, 100% rel. hum., 5 °C, leachate, three 
months; for C – 100% CO2, 30% rel. hum., 60 °C, dist. water, three months and for D – 100% 
CO2, 100% rel. hum., 60 °C, leachate, three months. 
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Fig. 12. TG weight loss and carbon dioxide content in the gas stream (QMS) for four fly ash 
samples E, F, G and H. Ageing conditions were for E – 0.038% CO2, 30% rel. hum., 60 °C, 
leachate, three months; for F – 0.038% CO2, 100% rel. hum., 60 °C, dist. water, three months; 
for G – 100% CO2, 30% rel. hum., 5 °C, dist. water, three months and for H – 100% CO2,
100% rel. hum., 5 °C, dist. water, three months. 

5. Discussion 

The ANC 4.5 is slightly lower for the ashes and higher for the slag samples exposed to pure 
CO2 compared to the samples from the same material exposed to air. The reason for the 
increase of ANC 4.5 after treatment with 100% CO2 for the slag samples can only be assumed 
as the ageing process in general leads to a decrease of the buffer capacity. It might be caused 
by changes in the mineral structure leading to a buffering of new phases as hydrogen 
bicarbonate between pH 8.3 and pH 4.5. Another possibility could be that the steel slags 
dissolved to a greater extent during the second step of the ANC analysis (ANC 4.5) leading to 
more material available to react and, hence, a higher ANC.  
Since the experimental set-up is based on a reduced design, the combination of low CO2
content with 5 °C for the steel slags and low CO2 content combined with 60 °C for the fly 
ashes has not been analysed yet. Therefore, the final evaluation of the factor CO2 is yet to be 
made. 

The fly ash leachates contain more metals than the slags and also chloride, sodium, calcium, 
potassium and sulphur levels are higher. This is also valid for chromium and molybdenum 
even though the solid fly ash contains only 2.7% and 10.7% of the chromium and 
molybdenum found in the solid steel slag, respectively. A possible reason for the factor 
relative humidity not to be showing an impact in the model after ten months could be initial 
problems of adjusting a high humidity at 60 °C. 

The XRD analyses could reveal a number of minerals as dicalcium silicates, periclase and 
mayenite in the steel slags but only calcite formed due to carbonation could be identified after 
ten months ageing time. One reason for this is the complexity of the materials. The large 
number of diffraction peaks (numerous minerals possibly present) and varying intensities in 



between the samples aged under same conditions and for the same time, a high background in 
the diffractogram and small peak shifts due to solid solution effects cause difficulties in 
detecting all phases. Furthermore, XRD analysis allows a detection of a phase if its amount is 
larger than 4% of the sample. A newly formed phase has to be present in even larger amounts 
than 4%. Since the specimens have been compacted, which reduced the sample surface 
exposed to the atmospheric conditions, the evaluation of more samples aged for a longer time 
is necessary to be able to detect further mineral changes and allocate them to the respective 
ageing conditions. 

The thermal analyses showed a weight loss between 600 and 750 °C for all samples aged at 
100% CO2. In connection with the QMS analyses, this is interpreted as decomposition of 
carbonates. The ratio of the weight loss of steel slags exposed to 100% CO2 and exposed to 
air within this temperature range is higher than the respective ratio for the fly ashes. Based on 
this result, one could assume that more carbonates were formed in the steel slags than in the 
fly ashes. However, the total weight loss between 600 and 750 °C is higher for the fly ashes. 

6. Conclusions 

Changes of the materials due to ageing could be proved. Treatment with high CO2 content 
decreased the pH of the suspension and the ANC of both fly ash and steel slag samples. For 
both materials the ANC was found to be in the same order of magnitude. The slight increase 
of the ANC 4.5 for steel slags can indicate buffering reactions, possibly due to carbonates.
The leaching behaviour was mostly influenced by the type of material but also by ageing time 
and CO2 content in the atmosphere. The leaching was stronger for the ash samples for most 
elements. Apart from chromium and molybdenum, this could be explained by higher 
concentrations in the solids.

Using XRD, the following mineral phases could be identified in the steel slag samples: 
periclase (MgO), dicalcium silicate (Ca2SiO4), merwinite (Ca3Mg(SiO4)2), monticellite 
(CaMgSiO4) and traces of spinel (MgAl2O4) and mayenite (Ca12Al14O33). The matrix of the 
tested materials makes it difficult to evaluate the analyses due to e g the number of minerals 
and solid solution effects. So far, no newly formed mineral phases except calcite could be 
identified. The TG/QMS analyses could prove the formation of carbonates during ageing as 
well. Hence, carbonate formation can be expected to occur around a liner of a landfill cover 
consisting of fly ash or steel slag. Buffering due to carbonates in the liner material will 
prevent a fast dissolution of the liner material further ensuring its chemical stability. The 
evaluation of more sensitive total acid neutralization capacity measurements (below pH 4.5) 
may further specify the sensitivity of both materials towards decreasing pH and possible 
further buffering reactions. The factor CO2 showed the biggest impact on both materials 
according to the presented results. Relative humidity and the other studied factors were not 
found to have any clear impact on the observed changes of sample characteristics by now but 
further analyses might clarify that. Analyses and evaluation of the remaining samples after 22 
and 30 months are expected to contribute with additional information on the ageing behaviour 
of the studied landfill cover liner materials. 
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SUMMARY: Secondary materials can be used as construction materials in case their properties 
satisfy the requirements. The authors investigated steel slags (EAF1 and ladle slag) as secondary 
materials to be used in a landfill cover construction. In the near future many landfills in Sweden 
have to be closed and covered (EU, 1999). Using secondary materials that fulfil the requirements 
can save natural resources and, on the other hand, avoids the detriment of the landscape through 
excavation of raw materials as clays and helps to minimize costintensive landfilling of secondary 
materials. The presented paper deals with alterations of the mineralogical composition of steel 
slags due to ageing processes as a base for estimations of the long-term stability. Since the 
project started only recently, this paper gives primarily the research questions, the experimental 
set up and the methodology used. Some of the expected results are discussed. 

1. INTRODUCTION 

Slags from steel making are in many cases valuable materials that can be reused. Potential areas 
for reuse are construction applications, e.g. in roads, pavements for dormant trafficas parking 
lots, or for dense liners in a landfill base or cover constructions.

The reuse of residuals avoids landfilling of those materials and minimizes the exploitation of 
natural raw materials for construction purposes. Often, construction costs can be reduced.
Slags from steel production are formed during the purification of the molten steel by addition of 
slag formers. With the help of slag formers, undesirable elements such as silicon, carbon and 
phosphorous, inclusions and impurities are removed from the steel, enclosed in the slag floating 
on the top of the molten steel and than separated from the steel melt. In order to further increase 
and adjust the steel quality, an additional treatment in a separate vessel, called ladle, can be 
performed leading to secondary metallurgical slags as e.g. ladle slag. The European steel 
industry generated about 15.2 million tonnes of different steel slags in 2004. Out of these, 
electric arc furnace (EAF) slags and secondary metallurgical slags account for almost 6 million 
tonnes (Euroslag, 2006).

In the presented project the Division of Waste Science and Technology at Luleå University of 
Technology, Sweden cooperates with Uddeholm Tooling AB, Hagfors municipality and MiMeR 
(Mineral and Metal Recycling Research Centre) to determine if steel slags are suitable for 
utilising them in landfill cover constructions. The main research questions concerned are how 

1 EAF … Electric arc furnace 
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steel slag mineralogy is influenced by the conditions present in a landfill liner, how the steel slag 
stability properties and the performance in the liner would change in such a case and what the 
impact factors on the mineralogy would be.  

The physical, chemical and mineralogical properties differ for each slag depending on the 
produced steel type and the slag handling after the separation from the steel melt. The physical 
slag properties and the application in a landfill cover construction have previously been studied 
by Andreas et al. (2005) and Herrmann (2006). The hydraulic conductivity of steel slag samples 
was in the range of 7*10-8 to 10-12 m*s-1 if the material was compacted direcly after mixing with 
water.

Chemical and mineralogical properties of steel slags have amongst others been investigated 
by Drissen (2006) and Motz & Geiseler (2001). Drissen studied the chemical and the 
mineralogical composition of LD steel slags to understand the leachate behaviour with special 
attention to chromium and vanadium. Motz and Geiseler summarized properties about steel slags 
including BOF (Basic oxygen furnace) and EAF slags and described the situation of reusing 
them especially in Germany. Typically, EAF slags have a CaO content between 25 and 40 wt.-% 
and between 12 to 17 wt.-% of SiO2 and consist mainly of the mineral phases dicalciumsilicate, 
dicalciumferrite and wustite (FeO) (Motz & Geiseler, 2001). In Sweden, the leachte generation 
of a landfill cover must not exceed 50 l*m-2*a-1 for a non-hazardous waste landfill. According to 
e.g. Herrmann (2006), steel slags fulfil these requirements. They have a low hydraulic 
conductivity, cementitious properties and basicity.  

2. MINERAL PHASES OF EAF SLAG AND LADLE SLAG 

The EAF slag and ladle slag include mainly calcium oxide, silicon dioxide, aluminium oxide and 
magnesium oxide (see Figure 1). They are classified as non hazardous waste.  

The majority of the mineral phases in both slag types are crystalline, which can be explained 
by the cooling of the slag after deslagging from the steel melt. Generally, the type of steel 
produced and the treatment of the slag after deslagging determine the mineralogy, i.e. the 
primary mineral phases. The predominant mineral phases of the EAF slag measured by XRD 
(Diener et al., 2006) are merwinite (Ca3Mg(SiO4)2) and monticellite (CaMgSiO4). Furthermore, 
iron, clinoenstatite (MgSiO3) dicalcium silicate (Ca2SiO4) and magnesium aluminium oxide 
(MgAl2O4) have been detected. 
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Figure 1. Chemical composition of EAF slag (type 1 and 2) and ladle slag 
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Dicalcium silicate (  - Ca2SiO4) and mayenite (Ca12Al14O33) are the predominant mineral phases 
of the investigated ladle slag. Furthermore periclase (MgO), iron, spinel (MgAl2O4) and a second 
type of dicalcium silicate (  - Ca2SiO4) could be observed. Dicalcium silicate is a major 
component in different cement types. Steel slags show hydration after contact with water. After 
hydration, steel slags form a cement-like hard structure, which is due to curing of the material. 
Consequently, steel slags have similarities to cement.  

Alteration of mineral phases is expected to occur due to non equilibrium conditions between 
the slag mineral and the environment. The primary minerals undergo transformation and 
secondary minerals are formed. These transformations are called mineral ageing. Ageing 
processes of alkaline materials as ashes and slags include carbonation due to carbon dioxide 
uptake resulting in a decrease in pH of the material (Meima et al., 2002). Carbon dioxide 
originates from the atmosphere and after construction from landfill gas.  

Mineral transformations due to weathering can lead to changes of the technical properties of 
the liner. Newly formed minerals are assumed be responsible for decreasing leaching of of 
certain elements during the weathering of ashes (Meima & Comans, 1999).  

The reaction rate of the mineral transformations depends on the prevailing atmospheric 
conditions. Assumed influencing factors are primarily humidity, gas composition, especially 
carbon dioxide and water vapour and the structure of the minerals itself. 

3. DESIGN OF EXPERIMENTS 

3.1 Factorial design 

The long term behaviour of the slags is studied with the aid of designed labratory experiment 
exploring the influence of different factors.

A reduced multivariate factorial design is used for the evaluation of the experiment. The 
impact of the five factors relative humidity, carbon dioxide and temperature in the surrounding 
atmosphere as well as ageing time and water quality for compaction are studied. The impact of 
these factors on mineral composition, leaching, basicity of the material i.e. acid neutralisation 
capacity, hydraulic conductivity, cation exchange capacity and shear strength is investigated.  

The range of the levels for the factors (see Table 1) was chosen in order to include the 
atmospheric conditions in a landfill cover liner but shall also reveal if a certain factor that is 
maximised has a larger influence than other factors. The data from these chemical and material 
analyses are statistically evaluated with the multivariate factorial design programme MODDE 
(Umetrics, 2003). First results will be presented at Sardinia 2007.

Table 1. Factorial design for ageing experiment of steel slags 
 * mixture contains 20% CO2 and 80% N2

Low Middle High
Relative humidity 30%    - 100%
Carbon dioxide content 0.036 (air) 20 % * 100 % 
Temperature 5 °C 30 °C 60 °C 
Time  1 month 6 months 1 year 
Water quality destilled water    - Leachate
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3.2 Experimental set-up 

In the experiment three types of steel slags are used. Two similar EAF slags (called EAF1 and 
EAF2) and one type of ladle slag. EAF1 and EAF2 were mixed in the ratio 2,6:1 and together 
comprise 50% of the whole mixture while the other half consists of ladle slag. The grain size 
used for sample building was < 8 mm for the EAF slag and < 19 mm for the ladle slag. Ladle 
slag is a very fine cementitious material with 67% of the material being < 0.25 mm.

For the ageing experiment, small cylindrical specimens have been built by sieving the 
material, mixing it with water and compacting it in two layers with a bearable proctor devise. 
The compaction energy was 2.65 J*cm-3 according to the Swedish Standard SS 027109 (SIS, 
1994). The specimens are stored in boxes under different atmospheric conditions according to 
the different levels of the factors (see Figure 2). Relative humidity and temperature in the sample 
boxes are measured with several USB data loggers.  

After the respective storage time, the specimen are analysed by X-ray diffraction and scanning 
electron microscopy. Further tests included are e.g. leaching tests, acid neutralisation capacity, 
shear strength and cation exchange capacity (CEC).  

Leaching tests will be done because ageing through carbonation can have effects on the pH 
dependend mobility of for example trace metals (Ecke et al., 2003). Furthermore, the acid 
neutralisation capacity will be measured to evaluate the carbon content of the samples after 
ageing. Interestingly, Johnson et al. (2002) found that the compressive strength of carbonated 
steel slag increased after ageing for 28 days. For that reason impacts on shear strength will be 
analysed. The cation exchange capacity will give results to enable a comparison of the cation 
holding capacity of steel slags and e.g. soils and different alkaline materials.  

Water reservoir for 
samples exposed to 
humidity

Sample box

pump

CO2

Figure 2. Example for one experimental set-up during ageing of the specimens  
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3.3 Field test 

A field test has been built up at the municipal solid waste landfill in Hagfors, Sweden. There, 
steel slags are used in the drainage layer and in the liner. The liner was constructed using 50 % 
EAF slag and 50 % ladle slag. Conditions as gas composition and temperature below the liner 
and in the protection layer as well as below the liner are monitored. Drainage water is collected 
in a well and leachate from below the liner can be sampled in 10 lysimeters below the liner 
(Andreas et al., 2005).

4. DISCUSSION 

The factors relative humidity, carbon dioxide and temperature, time and water quality for 
building the samples have been chosen for the reduced multivariate design since they are jugded 
as the most relevant ones for simulating conditions and ageing in a landfill liner of a cover 
construction. All of them except the latter have been at least partially studied in ageing 
experiments and described in the literature concerning alkaline material as slags (e.g. 
Coomarasamy & Walzak, 1995; Johnson et al., 2002).  

Especially of interest is the reaction of CO2 with steel slags. The main source of CO2 is 
landfill gas due to degradation of organic waste. Landfill gas contains typically around 50% 
CO2. As the cover is compacted the carbon dioxide transport through the whole liner material is 
hindered. Therefore, the reaction products of the carbonation reaction with the steel slag mixture 
are expected to occur mostly on the surface of the liner layer. For example calcium carbonates 
arising from calcium oxides could precipitate and block the outer pores of the slag so that no 
more gas could reach the bulk material (Johnson et al., 2002). Hence, the pore structure has a big 
influence on the degree of carbonation.

The temperature has been chosen to range between values expected under natural conditions 
in a landfill cover. So far, temperatures measured in the cover of the field test were in the range 
of 17.5 to 0 °C during one year. Generally, the temperature has an influence on reactions after 
the cover construction as exothermal hydration reactions of the existing calcium silicates are 
assumed to continue for a long time. The strength of the material will increase similar to cement 
hydration. It can be assumed that formation of secondary minerals is not initiated by the 
temperature factor itself, as former studies have expressed (Merkel et al., 2002). However 
exothermic reactions are proceeding in all samples whether they are exposed to 5 or to 60 °C. 
Moreover, temperature is directly coupled to available humidity.  

Moisture and therewith relative humidity certainly have an impact on the reactions in the 
liner. The steel slag specimens in the ageing test are built with 10% water content. Furthermore, 
weathering of minerals also includes moisture uptake. Some humidity is necessary to build up 
wetted surfaces which support carbonation (Johnson et al., 2002), increase the reactivity of the 
slag and lead to precipitation of for example calcium carbonate (Coomarasamy & Walzak, 
1995). Furthermore, the possible decomposition of silicates by carbonation as for example the 
mineral phase dicalcium silicate is pointed out by some authors (Johnson et al., Ecke et al., 2003) 
and will be verified for the present slags. 
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5. CONCLUSIONS 

Mineral transformations are expected during the ageing of steel slags. The influence of several 
factors on these processes is investigated in an ongoing experiment with a liner mixture of two 
types of EAF slags and one ladle slag. Factors such as CO2 uptake by carbonation, and relative 
humidity are known to influence ageing and therewith mineral transformations for materials as 
ashes and slags. Less information could be found about the influence of other factors as 
temperature and time in the literature.  

Expected mineral transformations are for example the reaction of calcium ions from calcium 
silicates with the carbon dioxide to calcium carbonate respectively calcite. Carbonation is an 
exothermic reaction as well as the hydration process caused by mixing the steel slags with water 
during sample making. First results and evaluations of the ageing experiment will be presented at 
the conference.  
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