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Abstract 

Iron and steel are produced continuously as a vital part of modern life. The largest by-

product of metal production is slag. Slag is an essential part of the production of steel 

since, in the furnace, the molten slag removes impurities from the metal. When the slag 

which consists of oxides, solidifies minerals form. Slag can then be used in different 

applications: fertiliser, water purification, cement, concreate and as building material. By 

using slag, natural resources can be saved. In the electric arc furnace, EAF, scrap is 

melted to produce steel. The scrap contains chromium which partly distributes to the slag. 

Unfortunately, excessive leaching of chromium restricts slag usage. Chromium leaching 

occurs when chromium-containing minerals in slag dissolve. In low-alloy electric arc 

furnace slag three chromium containing minerals were identified: spinel (Mg,Fe)Cr2O4, 

magnesiowüstite (Mg,Mn,Fe)O and brownmillerite Ca2(Al,Fe)2O5. Of these minerals the 

spinel has already been determined to be stable. The aim of this thesis is to minimise the 

chromium leaching of low-alloy EAF slag by modifying the minerals and/or mineralogy 

in the slag so that the chromium-containing minerals do not dissolve. In addition, it was 

discovered that ageing of low-alloy electric arc furnace slag may increase the chromium 

leaching. Autoclave treatment of remelted slag resulted in chromium leaching at the same 

magnitude as before remelting. Autoclave treatment was performed before the leaching 

test to determine the chromium leaching of aged slag. 

Instead of indirectly examining the chromium leaching from magnesiowüstite and 

brownmillerite by comparing chromium leaching from slag samples, the dissolution 

properties of the minerals were investigated individually. Dissolution of different 

compositions of magnesiowüstite and brownmillerite were studied at pH 7 and pH 10 for 

40 hours. The conclusion was that increased iron content decreased the dissolution rate of 

both magnesiowüstite and brownmillerite. Magnesiowüstite (Mg,Fe)O with 60 wt% FeO 

did not dissolve at pH 10 and at 70 wt% FeO no chromium leaching was detected. 
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Laboratory and full-scale experiments showed that the composition of magnesiowüstite in 

slag could not be correlated to chromium leaching indicating that magnesiowüstite was 

not the main mineral leaching chromium.  

Brownmillerite composition had a significant impact on the dissolution rate and is 

difficult to control in slag; therefore, brownmillerite in slag should be avoided to 

minimise leaching of chromium. From thermodynamic calculations two options to avoid 

brownmillerite formation were identified: decreasing the basicity (CaO/SiO2 ratio) or 

increasing the cooling rate. Both methods were tested in laboratory scale using low-alloy 

electric arc furnace slag. When the basicity was decreased by SiO2 addition, the 

chromium leaching of the slag decreased. A correlation between basicity, brownmillerite 

content and chromium leaching was detected. When repeated in full-scale Si-sand 

addition was used to decrease the basicity to 2.2; according to thermodynamic 

calculations this would prevent brownmillerite formation. The targeted basicity of 2.2 was 

difficult to achieve, as the basicity varied between batches since the scrap composition 

and other parameters changed. The batches receiving basicity below 2.2 generally leached 

less chromium than the batches above basicity 2.2. 

When cooling of slag was investigated in laboratory-scale the slower cooling rates 

increased the chromium leaching and faster cooling rates decreased the chromium 

leaching. The results were verified by full-scale experiments. From this thesis it can be 

concluded that a decrease in basicity is the most efficient method of decreasing chromium 

leaching, in the studied slag basicity between 2.0 and 2.2 resulted in the least chromium 

leaching.
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Chapter 1  

Background of slag and chromium leaching   

1.1 Introduction to slag 
Metals are and have been a vital part of human society for thousands of years; the 

earliest evidence of metal melting dates back 7,000 years.1 Metals are a vital part of 

modern life; our dependency on metals for water transport infrastructure, power 

generation and distribution are but two examples. The World Steel Association2 

states that “steel as a product is so versatile and fundamental to our lives that it is 

considered essential to economic growth”. The major portion of the iron and steel 

is produced via pyrometallurgy. In 2016 the world crude steel production was 

1,630 million tonnes.2 Residues are produced along with the steel. The largest 

residue by weight is slag, which in Sweden corresponded to 71% of the steel 

residues in 2015.3 In Sweden, crude steel production in 2015 amounted to 4.7 

million tonnes, while, slag production reached 1.35 million tonnes.4 

Slag mainly consists of oxides that have separated from the molten metal in the 

furnace. Because of the lower density of oxides the molten slag floats on top of the 

metal and protects the molten metal from heat loss and air contact resulting in 

oxidation. The primary function of slag, which is sometimes enhanced by 

modifying the slag composition, is removing impurities from the metal. The 

properties of slag make it an essential by-product in the pyrometallurgical route. 

After the slag has served its purpose in the furnace, the slag is separated from the 

metal and tipped at a special site where it cools and solidifies. When the slag cools 

it begins to crystalize into minerals. Each mineral has a determined elemental 

composition and crystalline structure, which make the elemental composition and 
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cooling of slag important factors in determining which minerals form: some 

compositions and cooling rates even make slag amorphous, without long-range 

order of the atoms. The elemental composition of slag is a result of the feed 

material, the furnace operation as well as slag additions for the desired properties in 

the furnace. Variations in these parameters result in various kinds of slag with 

differing mineral composition. Different minerals in the slags lead to different 

properties of the solidified slag, as slags, like other materials, obtain the properties 

of their constituents. The minerology is the reason marble, consisting of 

compressed limestone, is more sensitive to acid rain than other stone materials5. 

Therefore, by knowing the properties of each mineral in solidified slag, the 

properties of the slag can be deduced. 

1.2 Types of slags from iron and steelmaking 
The variation in the feed and type of iron or steel produced decides which furnace 

should be used and the additives and operation of the furnace. Slag types are 

therefore named according to the type of furnace and sometimes the steel being 

produced. The most common slags from iron- and steel-making are presented in 

this chapter together with information about mineralogical compositions and 

application areas. All of the presented minerals do not need to be present at the 

same time in a slag. In addition, it is important to remember that minerals in slag 

are rarely stoichiometric and contain impurities and/or exist as solid solutions 

where some elements can substitute for each other without changing the crystal 

structure. The different slag types, with different mineral composition, make slag 

suitable for a wide diversity of applications. The different applications and minerals 

are therefore not limited to the examples given for each slag type. 
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1.2.1 Iron-making slags 

1.2.1.1 Blast furnace, BF, slag 

The blast furnace, BF, produces hot metal from ore processed into sinter or pellets. 

As the feed mainly consists of material from ore and coke, the slag composition 

may vary depending on the ore. In Sweden the ore used contains vanadium, which 

partly ends up in the BF slag6 but most of the vanadium distributes to the hot metal7 

and follows the hot metal to the basic oxygen furnace. One of the wanted qualities 

of blast furnace slag is removal of alkalis.8 The alkalis interfere with the operation 

of the blast furnace.9 Blast furnace slag mainly consists of ashes from the coke, 

gangue and additives. The cooling of blast furnace slag results in different 

products; air-cooled blast furnace slag, ABS, is crystalline, while ground granulated 

blast furnace slag, GGBS, is amorphous due to fast cooling in water.  

Production in Sweden: ~450 ktonnes3 (one BF was out of use for a quarter in 2015) 

Applications ABS: Used as construction material, cement, road construction 

Applications GGBS: Used as construction material, ground it can be used as a 

component in cement 

Common minerals ABS:  Akermanite (Ca2MgSi2O7), Gehlenite (Ca2Al2SiO7), 

Merwinite (Ca3MgSi2O8)10, Spinel (MgAl2O4) 

Common minerals GGBS:  Amorphous 

  



  

4 

 

1.2.2 Steelmaking slags 

1.2.2.1 Basic Oxygen Furnace, BOF, slag 

The hot metal from the blast furnace is transferred to a basic oxygen furnace, BOF, 

in which oxygen is used to remove carbon and unwanted elements such as 

phosphorus, magnesium and silicon. Scrap or other coolants is used together with 

the hot metal to maintain the temperature.11 The unwanted elements either report to 

the off gas or the slag. In Sweden some BOF slag is recycled to the blast furnace.12 

The vanadium is oxidised from the hot metal to the slag due to the oxygen blowing 

in the BOF. The vanadium content in slag limits the usage for BOF slag and the 

vanadium, which is a valuable metal, is lost.7 Vanadium extraction from BOF slag 

has been studied to determine both the possibility of using the slag and recovering 

the vanadium.7,13  

Production in Sweden: ~300 ktonnes3 

Applications: Used as fertilizer and construction material, especially aggregates 

for road construction or surface layers for high skid resistance. 

Common minerals: Larnite (β-Ca2SiO4), Srebrodolskite (Ca2Fe2O5), Tricalcium 

silicate (Ca3SiO5), Spinel (AB2O4), Magnesiowüstite (MeO), lime (CaO)10,14 

1.2.2.2 Electric Arc Furnace, EAF, slag 

In the electric arc furnace, EAF, scrap is melted into new steel by electricity. 

Electric arcs are formed by the graphite electrodes giving the furnace its name. The 

EAF is mainly used for melting; therefore, most of the alloying is done in another 

process step. However, the scrap contains alloying elements, for example, 

chromium, that are partly distributed to the slag. The conditions in the EAF differ 

depending on whether high-alloy steel or low-alloy steel is produced, resulting in 

different slags. In high-alloy production silicon-containing ferroalloys are added to 
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reduce elements like chromium back into the steel to prevent economic loss and 

affecting the viscosity of the slag.15 Because of the added silicon the high-alloy 

EAF slag has a lower CaO/SiO2 ratio i.e., basicity, than the low-alloy EAF slag.  

A foamy slag lowers electrode and refractory consumption, improves thermal 

efficiency and shortens heating time and is therefore desired.16,17,18 Carbon is 

sometimes injected into the EAF to increase foaming and aid reduction.19 The 

foaming property of slag is improved by decreasing surface tension, increasing 

viscosity and with a certain amount of solid particles in the slag.16,18 In high-alloy 

slag CaF2 is sometimes added to decrease viscosity and lower the melting point.20  

Production in Sweden: ~220 ktonnes3 

Applications: The EAF slag has shown to be particularly suitable as ballast in 

asphalt as the asphalt becomes more resilient to wear and the porosity in the slag 

reduces noise caused by traffic, but is also used as aggregates in the non-bound 

layers and stone wool.3 

Common minerals high-alloy steel slag: Bredegite (Ca14Mg2(SiO4)8), Merwinite 

(Ca3MgSi2O8), Akermanite (Ca2MgSi2O7), Gehlenite (Ca2Al2SiO7), Cuspidine 

(Ca4F2Si2O7), Periclase (MgO), Spinel (AB2O4)14 

Common minerals low-alloy steel slag: Larnite (β-Ca2SiO4), brownmillerite 

(Ca2(Al,Fe)2O5), spinel (AB2O4), magnesiowüstite (MeO)10,14 

1.2.2.3 Argon Oxygen Decarburization furnace, AOD, slag 

The argon oxygen decarburization furnace, AOD, removes carbon with argon and 

oxygen, reduces some of the alloying metals from the slag using silicon and/or 

aluminium and increases sulphur removal by adding lime. AOD slag is usually 
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prone to disintegrating into a fine powder.21 The disintegration causes problems 

such as dusting and restricts the usability of the slag. 

Production in Sweden: ~120 ktonnes3 

Applications: Used as road construction material, concrete, final layer in landfill  

Common minerals: Ingesonite (γ-Ca2SiO4), Larnite (β-Ca2SiO4), Merwinite 

(Ca3MgSi2O8), Melilite ((Ca,Na)2(Al,Mg,Fe)(Si,Al)2O7), Fluorite (CaF2), Spinel 

(AB2O4), Lime (CaO), Periclase (MgO)14 

1.2.2.4 Secondary metallurgical slag 

In secondary metallurgical processes, after EAF or BOF, the crude steel is treated 

before casting. The treatment commonly includes desulfurization, de-oxidation, 

alloying and inclusion removal of the steel22. Most of the time the process is 

separated into heating units, like ladle furnaces, and the vacuum units.23 As for the 

AOD slag, the disintegration of the secondary metallurgical slag is a problem. 

Another problem with these slags is refractory wear during production.24 To 

prevent the refractory wear, additions containing MgO can be added.25 

Production in Sweden: ~80 ktonnes ladle slag3 

Applications: Is often put in landfill,26 

Common minerals: Mayenite (Ca12Al14O33),27 Ingesonite (γ-Ca2SiO4), Larnite (β-

Ca2SiO4), Bredegite (Ca14Mg2Si8O32), Tricalcium aluminate (Ca3Al2O6), Cuspidine 

(Ca4F2Si2O7), Spinel (AB2O4), Lime (CaO), Periclase (MgO)14 
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1.3 Slag usage 
As slag is and will be produced continuously together with metal production, the 

choice is to either regard it as a waste or a valuable resource. The European Union 

encourages utilization of products such as slag as raw material in order to conserve 

natural resources in accordance with Directive 2006/12/EC. The use of steelmaking 

slag in Europe is seen in Figure 1. In Sweden most iron- and steelmaking slags 

have been registered in REACH to be considered as by-products instead of 

residues.3 Slag usage in Sweden has increased in recent years; about 80% of the 

slag produced in 2015 was used either internally by the steel plants or externally.28 

The slag utilization in Sweden is still lower than in many other European countries. 

The lower usage in Sweden is coupled to abundance of natural resources and lack 

of sintering plants to recharge the by-products to the process.3 Another difference 

between slag usage in Sweden and other European countries is how the slag is 

used, in Sweden more slag is used for landfill construction and less for road 

construction and cement production.29  

 

Figure 1. Usage of steelmaking slag in Europe 201430  
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Even though a large amount of slag is being used it is not always used in the 

optimal application. As a man-made material the composition of slag and, thereby 

its properties can be changed to better fit an application. Therefore, the full 

potential of slag usage has yet to be discovered. 

1.4 Restrictions for slag usage 

Although slag is a promising material, some slags have properties that restrict 

usability. These properties include disintegration, volume expansion and excessive 

leaching of certain elements. Such properties need to be avoided or reduced to fully 

take advantage of slag as a material.  

1.4.1 Disintegration and volume expansion 
The mechanisms behind disintegration and volume expansion are known and have 

been connected to certain minerals. Disintegration occurs when β-dicalcium silicate 

transform to γ-dicalcium silicate during cooling. This transformation increases the 

volume of the dicalcium silicate crystal, resulting in the slag becoming a fine 

powder with dusting problems leading to limited application areas. Different 

methods of stabilizing the β-dicalcium silicate exist; adding a stabilizer like boron 

or cooling so fast the transformation do not have time to occur.31 Volume 

expansion is linked to pure phases of CaO and/or MgO, often referred to as free 

CaO and MgO. The volume expansion occurs when CaO or MgO hydrate and is 

problematic as it may cause cracks when slag is used as construction material.32,33 

To avoid volume expansion when used, the slag is stored outdoors to let any 

hydration occur before usage.34 The mechanisms and minerals behind 

disintegration and volume expansion have been identified and can thereby be 

prevented.  
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1.4.2 Leaching of slag 
Leaching is a process whereby some material is transferred to a liquid. This process 

is encountered daily when brewing coffee or tea. In metallurgy, leaching can be 

used as a method to extract either the impurities or the desired element from 

materials like ore concentrate. Leaching of elements from slag is unwanted in most 

applications, as some of the elements released from the slag can be environmentally 

hazardous in large concentrations. One of the exceptions is when slag is used as 

fertilizer; slag fertilizer is used both for the silicon released from the slag35 and the 

phosphor36. The leaching of slag is measured by analysing the water in which slag 

has been submerged for a period of time. There are a few different leaching 

methods; the most commonly used on slag being EN 12457-2 or a variation of it. 

Iron and steelmaking slags consist of calcium and silicon with varying amounts of 

aluminium, iron and magnesium.37 The presence of other elements depends upon 

the feed and additions to the slag and metal, which leads to the variation in 

elements between slag types. In Sweden 40% of the steel is produced from scrap38, 

in scrap based steelmaking the alloying elements from the scrap can be present in 

the slag. Different elements leach from the different slags due to the variation in 

elements and minerals. From the literature it is clear that leaching of chromium is 

seen as the main environmental concern.39  
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1.4.2.1 Leaching of chromium 

For slag to be classified as an inert material, the limit of chromium leaching is 0.5 

mg/kg.40 Chromium can be of different valences, where Cr3+ is an essential trace 

mineral and Cr6+ is hazardous.41 The cause of chromium leaching is sometimes 

stated as dependent on the valence of the chromium, where Cr6+ is more mobile 

than Cr3+.42,43 Although correlations between higher Cr6+ content and higher 

chromium leaching have been noted, the correlation can be explained by other 

concepts than one valence of chromium being more soluble than another: 

chromium of different valences may be captured in different minerals or the 

leached chromium becomes valence Cr6+ in the water solution. It has already been 

determined that leaching is a process controlled by minerology. 37,44 The leaching 

of chromium could therefore be determined by the dissolution potential of the 

minerals in which chromium is located and not the valence of chromium.  

Even though Cr6+ is the hazardous type of chromium, all chromium leaching has to 

be considered. The valence of chromium leached from slag does not really matter; 

dissolved chromium is free to transform into any valence depending on the 

conditions of its surroundings. In the leachate the pH is alkaline, as it has been 

increased by dissolved minerals and the redox is high. When looking at a pourbaix 

diagram of chromium, Figure 2, the dominant form at alkaline pH and high redox 

potential is Cr6+. Therefore, the majority of chromium in the leachate will 

eventually be in the Cr6+ form regardless of which valence it had before leaching. 

Likewise, when the conditions change from that of the leachate, the leached 

chromium will transform again. 
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Figure 2. Pourbaix diagram of chromium (calculated in FactSage 7.0) 

1.4.2.2 Parameters which affect leaching 

Leaching is, at least partially, a surface reaction,45 which means that the minerals at 

the surface as well as the surface area control the leaching. The leaching is thereby 

affected by parameters that affect the surface, such as particle size distribution and 

ageing. Ageing is also known as weathering and is a two-step process where the 

minerals at the surface first dissolve and a second mineral precipitates on the 

surface.46 The leaching tests used today do not consider the particle size 

distribution within the defined limits or the age of slag tested. 

With smaller particles the surface area increases compared to the weight. The EN 

12457-2 leaching test defined the particle size to be within 0-4 mm to 95% but did 

not define the size distribution within the set limit. The lack of defined particle size 

distribution resulted in different interpretations; Zandi et al.47 sent a slag sample to 
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two different laboratories for the leaching test. One of the laboratories removed the 

fine fraction less than 0.5 mm and the slag was classified as inert, while the other 

laboratory kept the fine fraction and the slag was classified as hazardous.47 Both 

laboratories followed the standard for EN 12457-2 but received different leaching 

results because of the difference in treatment of the smallest size fraction.  

The minerals on the surface change when slag ages. Usually, when the terms 

ageing or weathering are used, it only encompasses the carbonisation. In reality as 

slag ages, other reactions such as hydration may occur as well. The carbonisation 

causes a mineral layer to form on the slag surface. The layer consists of carbonates, 

since CO2 in the air has dissolved into the water and reacted with the dissolved 

element from the slag. This effect is now being investigated as a possible means of 

decreasing CO2 emissions with the help of slag.48 Both in naturally aged slag and in 

laboratory-induced ageing the leaching of most elements, including chromium, was 

seen to decrease,49,50 as the carbonate mineral layer is stable and prevents water 

from reacting with the minerals beneath.48 Contrary to most cases, Baciocchi et al.51 

saw that the chromium leaching from the carbonated samples increased indicating 

that there are slags reacting differently to ageing. Even though ageing of slag is 

known to affect the leaching properties, the age of the slag is not considered in the 

leaching tests. Furthermore, studies have shown that slag from low alloy steel EAF 

production does not always follow the established ageing pattern with an overall 

decrease in leaching and must therefore be studied further to understand the impact 

ageing has on leaching. The leaching tests must give consistent and accurate 

values; otherwise, the chromium leaching measured in the leaching test could be 

due to variations in the leaching test method. 
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1.4.2.3 Leaching result interpretation 

Preventing slag from leaching chromium is a complex task, as multiple minerals in 

a single slag may leach chromium and by changing the slag composition more than 

one mineral may be affected. In themselves, no matter the accuracy, the leaching 

tests do not reveal which minerals leach a specific element, since slag is treated as a 

single material, despite being composed of several different minerals. The leaching 

tests thereby only measure the total leaching of each element from the slag. Even 

though the leaching tests do not convey which minerals leach chromium or how 

chromium leaching can be prevented, they are still used as the main method to get 

that information. By comparing the chromium leaching from slag samples with 

known composition and minerology, the chromium leaching can be indirectly 

linked to certain minerals and compositions. Since the slag is treated as a bulk 

material, using leaching tests as the only source of information about chromium 

leaching can result in different conclusions as to the cause of leaching. Leaching 

tests are one of the most important means of studying chromium leaching, but if the 

minerals are not identified correctly or the mechanisms of leaching are not 

understood, it is difficult to purposely affect the leaching.  

Even so, much advancement has been made to understand and affect the chromium 

leaching by studying leaching from leaching tests. Mudersbach et al.52 found that 

the chromium leaching of high-alloy EAF slag decreased when the amount of 

spinels increased. The amount of spinels found in the slag was dependent on the 

composition of some of the elements in the slag; this dependence was formulated to 

the factor sp, equation 1.52 

𝑎𝑎 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀 + 𝑏𝑏 ∙ 𝐴𝐴𝑙𝑙2𝑀𝑀3 + 𝑐𝑐 ∙ 𝐹𝐹𝐹𝐹𝑀𝑀𝑛𝑛 − 𝑥𝑥 ∙ 𝐶𝐶𝑟𝑟2𝑀𝑀3 [𝑤𝑤𝑤𝑤%]   1 
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The elemental composition in the slag is not the only parameter that controls 

mineral formation, and thereby, chromium leaching. Durinck et al.34 noted that the 

cooling of stainless steel EAF slag also affects chromium leaching and stated that 

“the mechanisms of leaching and the effects of process alterations are not yet fully 

understood”. Another investigation of high-alloy EAF slag concluded that the MgO 

content and basicity, the CaO/SiO2 ratio, determined the leaching of chromium.44 

When Mombelli et al. compared the leaching of EAF slag from both low-alloy and 

high-alloy production, lower basicity correlated to lower chromium leaching. The 

authors suspected brownmillerite to leach chromium but this could not be studied, 

as brownmillerite was only found in one of the studied slag types.53 The inability to 

confirm the chromium leaching from a mineral with the leaching test is as 

mentioned earlier a weakness with relying exclusively on this method to determine 

the chromium leaching. From these studies it can be seen that the factor sp useful 

for estimating the chromium leaching from high alloy EAF slag but it does not 

include all of the factors that affect the chromium leaching from high-alloy EAF 

slag and can-not be used on other slags.  

The leaching test needs to be supplemented with further information about the 

leachability of the minerals in the slag to become an even better tool for 

determining the cause of, and remedies for, chromium leaching. The leaching 

properties of slag are controlled by the dissolution of the minerals; thus, the 

dissolution of the different minerals should be considered. If the leaching properties 

of each mineral were known before the leaching tests it would significantly reduce 

the number of trials needed for pinpointing the chromium leaching minerals and 

mechanisms and the research could immediately focus on reducing chromium 

leaching.  
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1.5 Study of individual minerals 

The leaching of slag is controlled by the dissolution of the minerals.39,54 Instead of 

using the results from leaching tests of slag to determine which minerals dissolve 

and leach chromium, the dissolution of individual minerals can be studied directly. 

Even though the dissolution of all minerals is important, only the chromium-

containing minerals may directly contribute to chromium leaching. Only some 

minerals are able to contain chromium, either by stoichiometric formula or as 

substitution or interstitial atoms.  

A chromium-containing mineral has to react with water to release the chromium for 

chromium leaching to occur. After identifying these minerals, all other minerals 

can be excluded from leaching chromium. The dissolution of the chromium-

containing minerals then determines the chromium leaching of the slag.  

Dissolution rate studies of some minerals already exists but not of all the minerals 

of interest. Besides the parameters which can affect dissolution and leaching, for 

example, the stirring rate,55,56 size of the particle and temperature, and the method 

of measuring dissolution is different in each study, resulting in different dissolution 

rates of the same mineral. The parameters need to be the same in each test to 

accurately compare the dissolution rate between different minerals. 
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1.6 Low-alloy EAF slag from Ovako Hofors 

The slag studied in this thesis comes from Ovakos steel plant in Hofors. Ovako 

Hofors produces low-alloy steel from scrap metal. The low-alloy steel has many 

uses including ball-bearings and drill steel to agriculture machinery. Hofors 

produced about 400,000 tonnes of ingot steel in 2017, during the same time about 

40,000 tonnes of EAF slag was produced. This corresponds to almost half of the 

production of low-alloy steel slag in Sweden, which amounted to 100,000 tonnes in 

2015.3 The low-alloy EAF slag production of EUROSLAG’s members in Europe 

during 2014 was 4.9 million tonnes, which corresponds to 22.8 wt% of the total 

steel slag production in Europe.30  

The internal recycling of scrap results in an average of 3% Cr2O3 in the EAF slag. 

The average EAF slag composition can be seen in Table 1. The EAF slag is 

regarded as a product. To make it a suitable product, Ovako Hofors has been 

working actively with the EAF slag to lower the chromium leaching.57,58,59,60 This 

has resulted in the inclusion of dolomite as a slag former to reduce refractory wear 

and aid formation of more stable minerals. The advances have resulted in decreased 

chromium leaching, often below the limit of inert material, 0.5 mg/kg. Ovako 

Hofors wants to guarantee a high-quality environmentally friendly product and 

therefore ensure the slag leaches the least amount of chromium possible. By 

combining the study of the dissolution of individual minerals and the leaching of 

slag the minerals responsible for chromium leaching can be identified, and then 

modified. 
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Table 1. The average composition in wt% of the most abundant elements in Ovako Hofors low-alloy 

EAF slag, all iron species are represented by FeO 

  CaO MgO SiO2 Al2O3 MnO P2O5 Cr2O3 FeO 

Average slag composition 25 10 13 6 6 0.5 3 25 
 

Firstly, the minerals in the low-alloy EAF slag need to be identified. The mineral 

grains in slag are too small to see with the naked eye but are distinguished by a 

Scanning Electron Microscope, SEM and optical microscopy; a SEM image of 

low-alloy EAF slag is seen in Figure 3. The SEM can measure the elemental 

compositions of the different minerals by using Energy Dispersive Spectroscopy, 

EDS. Thereby, the chromium-containing minerals can be detected and, since slag 

rarely contains stoichiometric minerals, the composition and impurities of minerals 

can be determined.  

 

Figure 3. SEM image of low-alloy EAF slag with modified basicity from Ovako Hofors. The 

minerals present are: s, spinel; m, magnesiowüstite; l, larnite; b, brownmillerite.  
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Based on analysis by SEM-EDS and X-ray Diffraction, XRD it can be concluded 

that the low-alloy EAF slag from Ovako Hofors usually consists of: β-dicalcium 

silicate (β-Ca2SiO4), spinel (AB2O4), magnesiowüstite (MeO) and brownmillerite 

(Ca2(AlFe)2O5). Merwinite (Ca3MgSi2O8) and possibly pleochroite 

(Ca6Al8MgSiO21) were determined to be present occasionally. Merwinite is a 

common mineral in high-alloy EAF slag and has been seen to contain 

chromium.33,61 Pleochroite has not been seen to contain chromium. Minerals that 

are occasionally present can not be responsible for chromium leaching on a regular 

basis; merwinite is not, therefore attributable to chromium leaching in most 

circumstances. However, the study of merwinite can not be completely excluded. If 

low-alloy EAF slag mineralogy should change to include merwinite, there is a 

possibility for it to contribute to chromium leaching. Of the common minerals, β-

dicalcium silicate does not contain chromium and the Ca-poor spinel present in this 

slag does not dissolve in water at non acidic pH.52  

The two chromium-containing minerals that remain, magnesiowüstite and 

brownmillerite, are the most likely candidates for leaching chromium and need to 

be examined further. The elemental distribution seen in SEM-EDS analyses of the 

common chromium-containing minerals are shown in Table 2. The spinel phase 

had little variations in the investigated slag samples, with the exception of one 

sample, where spinel composition close to CaCr2O4 was detected. Magnesiowüstite 

had a wide range of FeO-MgO compositions and variations in chromium content. 

The brownmillerite generally seems to have higher aluminium content than iron 

content. The analyses are performed on slag samples from single batches, separated 

from the normal process chain. The cooling of the samples is thereby faster than 

usual, which may have affected the elemental composition in the phases. 
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Table 2. Distribution of elements  in atomic% from SEM-EDS analysis of the common chromium-

containing minerals of low-alloy EAF from Ovako Hofors 

    Ca Mg Cr Al Fe Mn 

Spinel AB2O4 < 1 7-10 23-26 2-5 4-6 2-3 
Magnesiowüstite MeO - 12-26 1-4 - 15-29 5-8 

Brownmillerite Ca2(Al,Fe)2O5 22-23 < 1 1-5 8-16 3-11 < 1 
 

1.6.1 Magnesiowüstite 
Magnesiowüstite in the studied slag mainly consists of MgO, FeO, MnO and CrOx 

but may contain other oxides in small amounts, for example, CaO. 62,63 The 

chromium leaching of the EAF slag had been decreased by adding dolomite as a 

slag former, going from a mineral based on CaO to a MgO based magnesiowüstite. 

The maximum chromium content in magnesiowüstite depends on the composition 

of the magnesiowüstite and decreases with decreasing temperature. 

The hydration of magnesiowüstite has been studied, as MgO is known for volume 

expansion as stated in Chapter 1.4.1. Geiseler et al. discovered that 

magnesiowüstite consisting of MgO, FeO and MnO will not hydrate if the MgO 

content is less than 40 wt%, as both FeO and MnO work as stabilizers.64 Qian et 

al.63 studied the hydration of slag, where the magnesiowüstite naturally contained 

more components than MgO, FeO and MnO. With the additional components the 

required higher FeO in magnesiowüstite to prevent hydration increased. If the 

hydration reactivity and dissolution are connected, an increase in FeO content in 

the magnesiowüstite may decrease the chromium leaching. 
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1.6.2 Brownmillerite 

The mineral brownmillerite has a composition of Ca2AlFeO5 but the name 

brownmillerite is used in this thesis for all compositions with the brownmillerite 

crystal structure within the Ca2(Al,Fe)2O5 span. When formed under atmospheric 

pressure the composition span ranges from srebrodolskite, Ca2Fe2O5 to 

Ca2Al1.4Fe0.6O5. Within these compositions there are some structural variations.65 In 

cement applications, the reactivity of brownmillerite increases with the Al/Fe ratio 

and chromium content.66 Brownmillerite crystals are known to have gradient 

compositions with the cores being iron rich and the edges aluminium rich.66,67 The 

hydration products of brownmillerite include hydrogarnet, iron(III) oxide or 

hydroxide and alumina ferric oxide monosulfate, AFm phases.66 The AFm phases 

can be described by (Ca2(Al,Fe)(OH)6)•X•xH2O where X is either an anion with 

valance 1or one anion of valence 2 shared with another molecule.68 Mombelli et al. 

reported finding up to 9 atomic% chromium in brownmillerite.69  Mombelli et al. 

furthermore stated that brownmillerite seems responsible for chromium leaching 

and observed that chromium leaching increased with increasing basicity. 70 

Brownmillerite was not detected by XRD analysis in slag with decreased basicity.71 
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1.7 Methods to influence chromium leaching 
If chromium is present in a mineral that dissolves, chromium will be released. 

Chromium should be confined to minerals that do not dissolve to avoid chromium 

leaching. The chromium in low-alloy EAF slag has to enter stable minerals either 

by preference or by force. This can be achieved by stabilizing the chromium 

containing minerals or capturing the chromium in specific minerals. The capturing 

can be done either by removing the unwanted chromium-containing minerals to 

force chromium to enter the mineral or by somehow incorporate all of the 

chromium in a chosen mineral. The Ovako steelplant in Smedjebacken also 

produces low-alloy steel via the EAF but the EAF slag from Ovako Smedjebacken 

leaches less chromium than the EAF slag from Hofors. The Smedjebacken EAF 

slag generally contains more FeO, has a lower basicity and undergoes a faster 

cooling procedure than the Hofors EAF slag. Some or all of these parameters might 

contribute to the lower chromium leaching and should be tested on the EAF slag 

from Hofors. 
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1.8 Aim and scope 
This thesis aims to determine if magnesiowüstite and/or brownmillerite in low-

alloy EAF slag contribute to leaching of chromium, and then modify the minerals 

or slag mineralogy to minimize chromium leaching. This was done by: 

• Studying the dissolution of individual minerals to investigate if the elemental 

composition can be changed in magnesiowüstite or brownmillerite to 

minimize the chromium leaching. 

• Studying the dissolution of matrix minerals to see if they affect the 

conditions in the leachate and indirectly affect the chromium leaching. 

• Thermodynamic calculations were used to determine how to apply 

modifications in the minerals in the slag. 

• Slag produced in Ovako Hofors was remelted with additions or different 

cooling rates in laboratory experiments.  

• Full-scale verification of the laboratory experiments was performed in the 

EAF in the Ovako Hofors steelplant. 

In addition, the EN 12457-2 leaching test was modified to account for particle size 

distribution and ageing of low-alloy EAF slag to get accurate and consistent 

leaching results.  
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Chapter 2  

Materials and Methods  

2.1 Leaching test method development 
The leaching test does not account for ageing and particle size distribution, which 

might be a problem, since they are known to influence the leaching. The impact 

these parameters have on the leaching of low-alloy EAF slag is investigated in this 

chapter and some additions were made to the EN 12457-2 leaching test to 

accurately and consistently measure the leaching. 
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2.1.1 Ageing and autoclave treatment 

The ageing effect on chromium leaching of low-alloy EAF slag was investigated by 

crushing low-alloy EAF slag into different size fractions. The low-alloy slag was 

produced over a couple of months and therefore had varying age when crushed. 

The slag was aged outdoors in piles of different size fractions. The first slag 

sampling from each pile was performed after the initial crushing. Samples were 

taken two additional times over one year, approximately 6 months apart. The 

leaching test was performed according to standard EN 12457-2. The slag samples 

in the larger size fractions were crushed to 0-4 mm before leaching, resulting in 

fresh surfaces in the leaching test. The procedure is illustrated in Figure 4. 

 

Figure 4. Block schedule of the ageing method 
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The chromium leaching over time of the different size fractions are seen in Figure 

5. The slag was aged at the Ovako Hofors facility in Sweden and was frozen and 

buried in snow for a part of the year. The weather may have affected the time for 

the slag to reach the different levels of leaching. The chromium leaching of newly 

produced slag is set to 0.00 mg/kg, as samples from slag produced in the same 

period mainly leached below a detection limit of 0.04 mg/kg. The smaller fractions, 

0-4 and 0-8 mm, have the most variation in chromium leaching over time. The 

highest level of chromium leaching was measured at the initial crushing of the 

fractions, after that the leaching of chromium declined and stabilised.  

 

Figure 5. Chromium leaching of slag ageing in different size fractions. Note that the slag fractions 

were crushed to 0-4 mm before the leaching test according to standard. 
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The increase in chromium leaching from aged slag samples poses an interesting 

question: at which point of ageing should chromium leaching be considered to be 

the correct value? Using the “wrong” value or comparing slag at different ages can 

result in incorrect interpretations of the leaching tests. The chromium leaching of 

fresh low-alloy EAF slag does not necessarily reflect the chromium leaching of 

slag used in applications, as the chromium leaching of fresh slag may be 

significantly lower. Slag aged for at least a year in the size fraction used for the 

leaching test seems to maintain a relatively stable leaching. The standard leaching 

test does not consider the age of slag used but the results from this investigation 

indicates that the age of the low-alloy EAF slag must be considered, as the 

chromium leaching of low-alloy EAF slag may increase from newly produced to 

aged slag. This causes another dilemma; it is not feasible to wait a year before 

conducting a leaching test. A method to age the slag is required. Autoclave 

treatment was determined to be a potential method for fast-ageing the slag before 

leaching tests, as both hydration and carbonation are affected. 

A set of experiments was conducted in order to examine and develop a method for 

fast-ageing the low-alloy EAF slag by autoclave treatment. Aged low-alloy EAF 

slag was remelted and then treated in the autoclave at 160°C for 24 hours together 

with 20 wt% added deionized water. The same minerals were found by XRD 

analysis in the aged and remelted slag, confirming that remelting does not 

completely change the mineralogy of the slag.  
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The leaching of chromium from the slag samples can be seen in Figure 6. The aged 

reference slag samples leached chromium in various amounts but after the slag was 

remelted the chromium leaching was below the detection limit 0.05 mg/kg, 

confirming that remelting slag can cause chromium leaching to decrease. Autoclave 

treatment restored the chromium leaching of the remelted slag to the same 

magnitude as the aged slag, proving that autoclave treatment can be used to age 

slag before the leaching test. From here on only the chromium leaching of aged or 

autoclave-treated slag will be presented, as the chromium leaching of newly 

produced low-alloy EAF slag does not reflect the chromium leaching of aged slag.  

 

Figure 6. Chromium leaching of the naturally aged reference, remelted reference and autoclave-

treated remelted slag. The chromium leaching from the remelted slag is below detection limit 
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2.1.2 Size distribution of slag  

The leaching of chromium from different size fractions of low-alloy EAF slag was 

examined to determine if the size distribution within 0-4 mm could affect the 

leaching results. The chromium leaching of slag aged outdoors and slag with fresh 

surfaces was investigated. The aged slag was sieved into the fractions without 

crushing to maintain the aged surfaces. To obtain slag samples with fresh surfaces 

slag was crushed before sieving the size fractions. The EN 12457-2 leaching test 

with modified size fraction was used to analyse the chromium leaching from the 

slag samples. 

The leaching of chromium from the different size fractions of the low-alloy EAF 

slag can be seen in Figure 7. The recently crushed slag maintains similar chromium 

leaching in all size fractions and leaches less chromium than the aged slag, 

indicating that ageing is primarily a surface reaction. In the aged slag the smallest 

size fraction 0-0.85 mm had the highest chromium leaching of 10.0 mg/kg. As the 

size of the slag particles increased, the chromium leaching decreased. The 

chromium leaching of size fraction 1.70-2.38 mm and size fraction 3.35-4.75 was 

4.1 mg/kg and 2.9 mg/kg, respectively.  
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Figure 7. The chromium leaching of recently crushed and aged slag samples from different size 

fractions 

The size distribution itself depends on several factors including initial size of the 

slag fraction, minerals and structure of the slag, the type of crusher and how the 

crushing was performed. A pre-study of the difference in size distribution of low-

alloy EAF slag in a jaw crusher was performed. The slag was crushed to less than 4 

mm by varying the jaw settings and times the slag was crushed in two different 

ways, called method 1 and method 2. Method 1 was performed twice, while 

method 2 was only performed once. The crushing experiment therefore needs to be 

repeated to statistically show the variation in the size fractions. Both methods were 

fairly comparable in settings on the crusher; the difference was primarily how 

many times the slag was crushed at each setting. In normal cases the crushing 

settings and times through the crusher are not regulated; this causes greater 

variation in the mass of the size fractions. 
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The size distribution of the crushed slag is seen in Figure 8. The size distribution of 

both trials in method 1 was similar and only the average is shown. The largest 

deviation, 8 percentage points, between method 1 and method 2 is seen in the finest 

fraction. Therefore the amount of particles less than 1 mm in the leaching test needs 

to be regulated, since the finest size fraction has the largest impact on the 

chromium leaching and may at the same time be the size fraction that varies the 

most.  

 

Figure 8. Size distribution after crushing by two different methods 
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2.1.3 Modifications of EN 12457-2 leaching test  

It has been concluded that both the age of low-alloy EAF slag and the particle size 

distribution affect the leaching tests. The EN 12457-2 leaching test needs to be 

modified to include these parameters. Autoclave treatment is necessary to obtain 

the chromium leaching of aged low-alloy EAF slag and was added before the 

leaching test. The only time low-alloy EAF slag certainly does not need autoclave 

treatment before leaching tests is when it has been stored outside in particle size 0-

4 mm. As a modified size distribution of the slag in the EN 12457-2 leaching test, 

in addition of 95% less than 4 mm, it was decided that 20 wt% should be less than 

1 mm. The size distribution amendment was done in 2017; most leaching tests 

presented in this thesis are conducted without regulated fine fraction. It would be 

recommended that a regulation of the amount of particles less than 1 mm be 

applied for all materials in EN 12457-2 leaching test. 
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2.2 Instruments and analysis methods 

2.2.1 Chemical analysis 
The elemental analysis of the slag was performed by Ovako in Hofors using boron 

melts with x-ray fluorescence or ICP if the metallic iron content was too high. 

Carbon and sulphur was analysed according to standard ASTM E1019 and iron 

titration according to standard ASTM D3872.  

2.2.2 XRD 

Two different X-ray diffractometers were used during the analysis of the material 

presented in the thesis; either a Siemens D5000 X-ray diffractometer with copper 

Kα radiation using a 2 theta range of 10-75 or an Empyrean Series 2 PANalytical 

XRD equipped with copper Kα radiation using a 2 theta rage of 5-90. 

2.2.3 SEM 

Scanning electron microscope, SEM, Gemini Zeiss Merlin with an Oxford EDS 

detector was used to characterise the slag samples. The voltage used was at 20 keV 

and the beam current of 1 nA with a working distance of 8.5 mm. 

2.2.4 Titration 

Two different devices were used, not for the same mineral, during the individual 

mineral dissolution experiments to measure and control the acid addition in the 

dissolution experiments. The Radiometer Copenhagen ABU 901 Autoburette 

attached to a Radiometer Copenhagen PHM 290 pH meter recorded the acid 

addition every 5th minute for 40 hours. The Metrohm 888 Titrando with an 806 

Exchange unit recorded the acid addition every 2nd minute. 
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2.2.5 Leaching test 
In the EN 12457-2 leaching test, slag at 95 wt% within the size 0-4mm is 

submerged in water at a liquid/solid, L/S, ratio of 10. The container is then rotated 

around its axis at 10 rpm for 24 hours. The water, which at this point is called the 

leachate, is filtered with a 0.45µm filter to remove solid slag particles before 

analysis. 

2.2.6 Leachate analysis 
The detection limit for chromium in different samples varies, as the leachates were 

analysed by ICP in one of three different laboratories: ALS Scandinavia, the lab at 

Ovako in Hofors and at the Division of minerals and metallurgical engineering. 

Due to different equipment the detection limit for chromium varies. 

2.2.7 Laboratory Furnaces 
During the laboratory experiments two types of furnaces were used for the melting 

of slag and synthesis of minerals. 

Tamman furnace, with possibility of inert gas atmosphere 

Chamber furnaces from ENTECH, EFC 10-18 maximum temperature 1800°C 

equipped with KANTHAL SUPER 1900 and gas inlet and furnace MF4/16 

maximum temperature 1600°C. 
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2.3 Experimental Methods 
This chapter describes the methods used to conduct the experiments regarding: 

• Synthesis and dissolution of individual minerals 

• Thermodynamic calculations 

• Laboratory-scale experiments on real systems 

• Full-scale verifications at Ovako in Hofors 

2.3.1 Synthesis and dissolution of individual minerals 

Pure minerals were synthesized from chemicals by sintering and the purity of the 

synthesis was then confirmed by XRD. The minerals synthesized were: larnite, 

merwinite, monticellite, pseudowollastonite, brownmillerite and magnesiowüstite. 

Different compositions of brownmillerite and magnesiowüstite were synthesised, 

since the elemental composition may affect the dissolution rate and these minerals 

have a wide composition range. Some of the magnesiowüstite compositions were 

synthesised with 4wt% added Cr2O3. All minerals synthesised and the chemicals 

used for synthesis can be seen in Table 3. The larnite, β-dicalcium silicate, had a 

B2O3 addition to stabilise the β-phase. The minerals were synthesized in sintering 

temperature; the magnesiowüstite was sintered in nitrogen atmosphere to avoid 

oxidation of the FeO. The synthesis and dissolution studies of merwinite were done 

by Engström et al.72  
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Table 3. Minerals synthesised and chemicals used for synthesis 

    SiO2 CaCO3 MgO B2O3 Fe Fe2O3 Cr2O3 Al2O3 

Larnite β-Ca2SiO4 x x 
 

x 
    Pseudowollastonite CaSiO3 x x 

      Monticellite CaMgSiO4 x x x 
     Merwinite Ca3MgSi2O8 x x x 
     Magnesiowüstite (Mg,Fe)O 

        • 20wt% FeO 
     

x x 
  • 40wt% FeO 

     
x x 

  • 60wt% FeO 
     

x x 
  • 80wt% FeO 

     
x x 

  • 52wt% FeO+Cr2O3 
     

x x x 
 • 62wt% FeO+Cr2O3 

     
x x x 

 • 70wt% FeO+Cr2O3 
     

x x x 
 • 84wt% FeO+Cr2O3 

     
x x x 

 Brownmillerite Ca2Fe2O5 
 

x 
  

x 
   

 
Ca2AlFeO5 

 
x 

  
x 

  
x 

 

The minerals were ground and the 20-38µm size fraction was collected after 

sieving in ethanol. 0.05g of a mineral was added to 100 ml of Milli-Q water® in a 

stirred beaker at 25°C with pH set to 4, 7 or 10 using NaOH and HNO3. The 

stirring was set to 320 rpm. In the dissolution of brownmillerite the amount of 

mineral was increased to 0.06g and the water amount to 125 ml and stirring set to 

350 rpm. The pH was maintained for 40 hours by automatic HNO3 acid titration. 

All the dissolutions were performed at least twice for each mineral at every pH to 

verify the results. 
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The acid requirement for dissolving pure stoichiometric minerals completely was 

calculated, not measured. During these calculations the minerals were divided into 

individual components and these components were assumed to react according to 

Equations 2-8, which means that some reactions do not consume protons. The 

reactions are pH dependent for some components. For SiO2, Equation 4 was used at 

pH 4 and 7 and Equation 5 was used at pH 10. For the other elements the same 

reactions were used at all investigated pH levels.  

The total acid consumption for each mineral was calculated by adding the acid 

consumption of each component to make a stoichiometric mineral. The dissolution 

in percentage of the minerals was then calculated by dividing the measured acid 

consumption in the dissolution test calculated with the calculated required amount 

of acid to dissolve the mineral completely. 

𝐶𝐶𝑎𝑎𝑀𝑀 + 2𝐻𝐻+ → 𝐶𝐶𝑎𝑎2+ + 𝐻𝐻2𝑀𝑀       2 

𝑀𝑀𝑀𝑀𝑀𝑀 + 2𝐻𝐻+ → 𝑀𝑀𝑀𝑀2+ + 𝐻𝐻2𝑀𝑀       3 

𝑆𝑆𝑆𝑆𝑀𝑀2 + 2𝐻𝐻2𝑀𝑀 → 𝑆𝑆𝑆𝑆(𝑀𝑀𝐻𝐻)4(𝑎𝑎𝑎𝑎)       4 

𝑆𝑆𝑆𝑆(𝑀𝑀𝐻𝐻)4(𝑎𝑎𝑎𝑎) → 𝑆𝑆𝑆𝑆𝑀𝑀(𝑀𝑀𝐻𝐻)3− + 𝐻𝐻+      5 

𝐹𝐹𝐹𝐹𝑀𝑀 + 𝐻𝐻𝐻𝐻𝑀𝑀3 + 𝐻𝐻2𝑀𝑀 → 𝐹𝐹𝐹𝐹(𝑀𝑀𝐻𝐻)3 + 𝐻𝐻𝑀𝑀2(𝑀𝑀)    6 

𝐴𝐴𝑙𝑙2𝑀𝑀3 + 𝐻𝐻2𝑀𝑀 → 𝐴𝐴𝑙𝑙2𝑀𝑀3(𝐻𝐻2𝑀𝑀)(𝑠𝑠)      7 

𝐹𝐹𝐹𝐹2𝑀𝑀3 + 3𝐻𝐻2𝑀𝑀 → 2𝐹𝐹𝐹𝐹(𝑀𝑀𝐻𝐻)3(𝑠𝑠)      8 
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2.3.2 Thermodynamic calculations 

FactSage 6.4 and 7.0 were used for thermodynamic calculations to estimate the best 

method to decrease chromium leaching by increasing the FeO content in 

magnesiowüstite and decreasing the brownmillerite content in the slag. For 

thermodynamic calculations the database FToxid and the solutions FToxid-

SLAGA, FToxid-SPINA, FToxid-MeO_A, FToxid-Mel_A and FToxid-C2AF were 

used. The elements and compounds described can be seen in Table 4. The activity 

of Fe was set to 1 to simulate molten steel and slag in equilibrium. Pure solids from 

FactPS and FToxid were included but the gas phase was suppressed. The 

calculations were primarily done using the average slag composition (see Table 1) 

with the exception of the FeO content being equally distributed between FeO and 

Fe2O3, as a basis for changing the FeO content and CaO/SiO2 ratio.  

Table 4. The solutions used in the thermodynamic calculations and the compounds and elements 
described by the solutions 

  Compounds and elements described 

FToxid-SLAG Al,As,B,Ba,Ca,Co,Cr,Cu,Fe,Ge,K,Mg,Mn,Na,Ni,P,Pb,Si,Sn,Ti,Zn,Zr+ 

FToxid-MeO Fe(2),Ca,Ba,Mg,Ni,Co,Mn(2);dilute Zn,Al,Cr,Fe(3),Mn(3) 

FToxid-SPIN Al-Co-Cr-Fe-Mg-Mn-Ni-Zn-O 

FToxid-Mel (Ca,Ba,Pb,Na)2[Zn,Mg,Ni,Fe2+,Fe3+,Al,B]{Fe3+,Al,B,Si}2O7 

FToxid-C2AF Ca2(Al,Fe)2O5 Ca2Fe2O5; dilute Ca2Al2O5 
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2.3.3 Laboratory-scale experiments on real systems 

2.3.3.1 Increasing FeO content in magnesiowüstite 

The capacity of increasing the FeO content in magnesiowüstite by increasing the 

FeO content in slag was examined at laboratory scale. Aged slag from full-scale 

production (see composition in Table 5) was remelted with different additions of 

FeO in MgO crucibles in inert atmosphere created by adding N2 gas. The FeO was 

produced beforehand by sintering a mix of Fe and Fe2O3. The slag samples were 

heated at 6°C/min to 1600°C and the temperature was maintained for one hour 

before cooling to room temperature. One sample was cooled at 6°C /min to see the 

effect of slower cooling. The remelted slag was crushed to less than 4 mm before 

autoclave treatment and conducting EN 12457-2 leaching test.  

Table 5. Composition in wt% of the slag used as starting material in the increasing FeO content 
experiments and in the decreased basicity experiments 

  CaO MgO SiO2 Al2O3 MnO P2O5 Cr2O3 Fe met Fe2O3 FeO 
Starting 
slag 31.0 9.1 11.4 6.4 5.5 0.3 3.1 2.5 15.8 14.5 
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2.3.3.2 Preventing formation of brownmillerite with decreased basicity 

The possibility to affect the formation of brownmillerite with basicity and the 

correlation of brownmillerite content and leaching was investigated in laboratory 

scale. The same full-scale produced slag with basicity of 2.7 as for the increasing 

FeO content in magnesiowüstite experiments was used (composition in Table 5). 

The slag was remelted with different amount of SiO2 to decrease the basicity: 

• Remelted, basicity 2.7 

• Remelted with SiO2 addition to basicity 2.3 

• Remelted with SiO2 addition to basicity 2.0 

• Remelted with SiO2 addition to basicity 1.5 

The remelting was done in MgO crucibles in N2 atmosphere in a tamman furnace. 

After solidification, the slag was crushed to less than 4 mm before autoclave 

treatment and leaching according to EN 12457-2 leaching test.  
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2.3.3.3 The effect of cooling rate on chromium leaching 

The cooling rate of slag was investigated in laboratory scale to see if any changes 

in brownmillerite content and chromium leaching could be determined. Two slag 

samples with different basicity were selected for the cooling tests; by doing so the 

correlation between basicity and cooling can be studied. The composition of the 

samples can be seen in Table 6. As the slag was taken from full-scale production, 

there are differences in the composition, not only basicity. Most noticeable is that 

the slag at basicity 2.1 has higher Al2O3 and Cr2O3 content than the slag at basicity 

2.8.  

Table 6. Composition in wt% of the starting slag used in the cooling experiments 

  CaO MgO SiO2 Al2O3 MnO P2O5 Cr2O3 Fe met Fe2O3 FeO 
Basicity 2.1 28.5 8.1 13.3 5.6 7.1 0.4 4.1 2.8 8.1 20.6 
Basicity 2.8 31.0 9.4 11.1 8.9 6.0 0.2 2.9 2.6 8.2 18.2 
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The two slag samples, basicity 2.1 and 2.8, were remelted and then cooled in four 

different ways, as described below and schematically depicted in Figure 9.  

• Hold temperature: The slag was cooled at 6°C/min to 700°C and the 

temperature was maintained for 24 hours before cooling restarted at 6°C/min 

until the slag reached room temperature. 

• Altering temperatures: The slag was cooled to 1000°C at 6°C/min and 

maintained for an hour. The temperature was altered between 1000°C and 

800°C at 6°C/min and held constant at the endpoints for 30 min, producing a 

cooling cycle for 2 hours. The cooling and heating procedure was performed 

3 times before the slag was cooled to room temperature at 6°C/min. 

• Set cooling rate: The furnace had a set cooling rate at 4°C/min. 

• Fast cooling rate: A Tamman furnace with water cooling but without 

nitrogen atmosphere was used instead of the chamber furnace. The 

temperature had decreased to 500°C within one hour. The sample was then 

removed from the furnace and cooled to room temperature within one hour.  

 

Figure 9. The temperature graphs of the different cooling methods  
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At Hofors, two batches of slag from the EAF are tipped into the same slag pot. The 

slag pot is left outside the steel plant for two hours before the pot is transported to 

the ramp where the slag is tipped on slag from previous batches. The addition of 

new warm slag every two hours may heat up the slag already tipped and maintain a 

higher temperature in the slag pile. Every 24 hours the ramp is water-sprayed and 

cleared. The methods hold temperature and alternating temperatures, were based 

on the slag procedure at Ovako in Hofors but exaggerated based on thermodynamic 

calculations to obtain the best conditions for formation of brownmillerite. The other 

cooling methods set cooling rate and fast cooling rate was designed to decrease the 

formation of brownmillerite. 

The heating procedure was the same for all samples; the slag was heated at 

6°C/min to 1600°C where the temperature was held constant for an hour before 

cooling according to one of the cooling methods. The remelting of the slag was 

done in MgO crucibles. The experiments, with the exception of the fast cooling 

method, were performed in a chamber furnace with nitrogen atmosphere. After 

cooling the slag was crushed to less than 4 mm before autoclave treatment and EN 

12457-2 leaching test. 
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2.3.4 Full-scale verifications 

2.3.4.1 Slag composition 

Full-scale trials aimed at increasing the FeO content in the EAF slag were 

performed at Ovako Hofors. At Ovako in Hofors each batch in the EAF is filled by 

two scrap baskets; the second is added approximately 20 minutes after the melting 

started. A by-product mainly consisting of FeO was added in the second scrap 

basket. At the same time new effective oxygen burners were installed. These 

oxygen burners oxidised more iron in the steel than the previous burners. In this 

experiment the main objective was to increase the FeO content and therefore it did 

not matter if the increase was from the added FeO or due to the new oxygen 

burners. The slag cooling procedure in the experiment differed from the normal 

slag procedure, as only a one batch instead of two was tipped in the slag pot. The 

slag was tipped alone and was therefore not reheated with other slag. The sampling 

was done by taking samples from different locations of the solidified batch and 

mixing all the samples in the crusher. The slag was crushed to less than 4 mm 

before autoclave treatment and EN 12457-2 leaching test. The less than 4 mm 

fraction collected from the experiments was stored in buckets and analysed again 

after approximately 1.5 years. 
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2.3.4.2 Basicity control in full-scale 

At the full-scale basicity controlled experiments a SiO2 addition was used to 

decrease the basicity to resemble the laboratory experiments. Because of the 

amount needed, pure SiO2 was not an alternative; a Si-sand with approximately 72 

wt% SiO2 was used (the composition of the sand is seen in Table 7). In addition, 

the SiO2 sand contained 13 wt% Al2O3. Olivine was also tested as a SiO2 bearer to 

avoid additional Al2O3 in the slag, but was discontinued, since the temperature and 

time in the EAF furnace did not suffice to integrate the elements of olivine into the 

slag.  

Table 7. Average composition in wt% of the sand used as SiO2 addition 

  CaO MgO SiO2 Al2O3 FeO Na2O K2O 
Si-Sand 1.7 1.1 72.4 13.3 2.9 2.8 3.9 

 

The full-scale trials were first conducted in single batches and later in campaigns 

over 24 hours. Si-sand was added to the scrap basket. The Si-sand addition was 

varied between 300 and up to 1000 kg to obtain basicity close to 2.2. The variation 

in SiO2 addition was due to unknown and varying silicon content in the scrap. The 

single batches were treated in the same way as the single batches in the full-scale 

slag composition trials.  The slag from the 24 hour campaigns was tipped to a 

cleared ramp and cooled according to normal procedure, described in Chapter 

2.3.3.3. Several samples from the campaigns were taken, each sample from a 

different location of the slag pile from the campaign. The samples from the 

different locations of the campaigns were not mixed. The slag was crushed to less 

than 4 mm and treated in an autoclave before the EN 12457-2 leaching test.  
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2.3.4.3 Cooling rate in full-scale 

The impact of cooling rates on leaching of chromium was tested in full-scale. Slag 

from one batch of steel in the EAF was divided into two parts. One part had water 

sprayed over the slag, while the other was let to cool on its own in air. Slag samples 

from each cooling method were taken and tested. The slag was crushed to less than 

4 mm before autoclave treatment and EN 12457-2 leaching test.  
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Chapter 3  

Results and Discussion   

3.1 Dissolution of individual minerals 
The dissolution rate of all minerals in low-alloy EAF slag is important, even though 

magnesiowüstite and brownmillerite are the only minerals present in the slag 

during normal plant praxis that are suspected to leach chromium. The dissolution of 

other minerals, the matrix minerals, can affect the dissolution of the chromium-

containing minerals by affecting the conditions in the leachate, pH for example. 

The primary focus is dissolution of magnesiowüstite and brownmillerite but the 

other minerals are investigated as well to exclude possible interactions. The 

purpose of the dissolution studies is to be able to compare dissolution rate and 

reactivity of different minerals and mineral compositions.  

3.1.1 Matrix minerals 
The dissolutions of larnite, merwinite, monticellite and pseudowollastonite at 

different pH are presented in Figures 10-12. Of these minerals, larnite and, in some 

cases, merwinite are present in the low-alloy EAF slag.  

The elemental composition affects the dissolution rate in the matrix materials. In 

the Figures, minerals containing only calcium dissolve faster than minerals 

containing calcium and magnesium in the same amount. As expected, the 

dissolution tests show that minerals dissolve faster at lower pH, the exceptions is 

larnite, which dissolved at the same rate and completely at all investigated pH. 

Larnite is also the fastest-dissolving mineral at each pH. All the studied matrix 

minerals dissolved to 20% or more at pH 10 under the prevailing conditions.  
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Figure 10. Dissolution of matrix minerals at pH 4 

 

Figure 11. Dissolution of matrix minerals at pH 7 
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Figure 12. Dissolution of matrix minerals at pH 10 

Merwinite may not be common in low-alloy steel EAF slag but is common in high-

alloy EAF slag. As merwinite may contain chromium and dissolves to 27% at pH 

10, it can contribute to chromium leaching if present. The forming of spinels has 

been seen to reduce chromium leaching.52 The decrease in chromium leaching with 

the increase in spinel formation is likely to be caused by the spinels capturing the 

chromium that would otherwise have ended up in less stable phases as merwinite. 
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3.1.2 Magnesiowüstite 
In the dissolution studies of magnesiowüstite, Figures 13 and 14, the relationship 

between the dissolution and the FeO content in magnesiowüstite is established. The 

dissolution decreases with increasing FeO content.  At pH 7 the dissolution of 

magnesiowüstite with 20 and 40 wt% FeO is similar; the difference is larger at pH 

10. The 60 wt% FeO magnesiowüstite dissolved to 1% at pH 7 and did not dissolve 

at all at pH 10. The 80wt% FeO magnesiowüstite did not dissolve at either pH 7 or 

pH 10. The impact of pH is clearly seen, as the dissolution at pH 7 is higher than at 

pH 10 for all compositions. 

 

Figure 13. Dissolution of magnesiowüstite compositions at pH 7 
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Figure 14. Dissolution of magnesiowüstite compositions at pH 10. Note the dissolution scale only 

reaches 20% 

A leaching test was conducted on magnesiowüstite compositions with an addition 

of 4 wt% Cr2O3 to measure chromium leaching from different FeO/MgO ratios. The 

leaching of chromium from magnesiowüstite decreased with increasing FeO 

content, see Figure 15. The leaching of chromium from magnesiowüstite was 

below the detection limit of 0.005 mg/kg when the FeO content was 70 wt% or 

higher. The chromium leaching of magnesiowüstite with a FeO content of 62 wt% 

was 0.013 mg/kg and the chromium leaching of magnesiowüstite with a FeO 

content of 52 wt% was 0.069 mg/kg, both below the 0.5 mg/kg limit for inert 

material. The detected chromium leaching from magnesiowüstite at 62 wt% FeO 

was not expected since there was no dissolution detected at pH 10 for 60 wt% FeO. 

Although it should be noted that there are differences in the material since the 

magnesiowüstite in the leaching test contains chromium. 
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Figure 15. Chromium leaching from magnesiowüstite with different FeO/MgO ratios and 4 wt% 

Cr2O3 
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3.1.3 Brownmillerite 
In Figure 16 it is seen that brownmillerite with the composition Ca2AlFeO5 has 

significantly higher dissolution than the composition Ca2Fe2O5, thereby confirming 

that brownmillerite with more aluminium is more reactive.66 The Ca2AlFeO5 

composition dissolved to 87% at pH 7and 72% at pH 10. Brownmillerite without 

any aluminium content, Ca2Fe2O5, dissolved to 6% at pH 7 and 1% at pH 10. 

 
 
Figure 16. Dissolution of brownmillerite at pH 7 and pH 10 

In addition to the reactivity in water the reactivity of brownmillerite in an autoclave 

was studied. The synthesised brownmillerite with the Ca2AlFeO5 composition of 

size 20-38 µm was treated in an autoclave with the same conditions as for ageing 

slag. When the brownmillerite was analysed in XRD after autoclave treatment 

some brownmillerite was still detected but the sample had largely transformed to 

hematite (Fe2O3), portlandite (CaOH2) and hydrogarnet (Ca3Al2O12H12). The 

reactions occurring during autoclave treatment corroborate the notion that 

brownmillerite has something to do with the increased leaching after ageing or 

autoclave treatment of slag.  
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3.1.4 Conclusions individual minerals 
From the dissolution experiments of the individual minerals it is clear that the 

elemental composition in the minerals affect the dissolution rate. The matrix 

minerals dissolved to around 20% under the experimental conditions at pH 10 and 

may therefore not be suitable minerals to contain chromium if chromium leaching 

should be avoided. The dissolution of both magnesiowüstite and brownmillerite 

decreased with increasing iron content. Magnesiowüstite could be prevented from 

dissolving at pH 10 with 60 wt% FeO content. This correlates to the findings of 

Geiseler et al.64, where 60 wt% FeO prevented the hydration of magnesiowüstite. 

The leaching test shows that MgO-FeO magnesiowüstite has the capacity to be 

completely free from chromium leaching with sufficient iron content. There is a 

possibility that, in most cases, the wt% of FeO in magnesiowüstite is already 

sufficient to avoid dissolution. However, as magnesiowüstite in slag consists of 

more elements than FeO and MgO, it may affect the dissolution of 

magnesiowüstite, as Qian et al.63 noted that the FeO content needed to prevent the 

hydration of magnesiowüstite in slag was higher than 60 wt%. 

Brownmillerite dissolved to 1 wt% in pH 10 when consisting of maximum iron 

content, Ca2Fe2O5, and cannot be stabilised further. As chromium can increase the 

dissolution of brownmillerite66, the dissolution of brownmillerite is likely to be 

higher in slag. Brownmillerite, Ca2AlFeO5, reacted in the autoclave and produced 

hydration products. As both low-alloy EAF slag and brownmillerite react in 

autoclave treatment but magnesiowüstite with sufficient iron content has been seen 

not to63,73, there are indications that the increased leaching of chromium after 

ageing can be caused by brownmillerite. 
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Now when the properties of the individual minerals are known the possibility to 

affect them should be investigated. The magnesiowüstite in slag should be 

investigated to reveal if more FeO content is required or if it is already stable. The 

brownmillerite should be investigated for the possibility to control the aluminium 

content or the possibility to eliminate brownmillerite from the slag. 

3.2 Thermodynamic calculations 
Thermodynamic calculations, seen in Figure 17, show the solidification route of the 

chromium-containing phases in slag based on the average slag composition. 

According to thermodynamic calculations, magnesiowüstite is the first phase to 

crystallize as the slag solidifies and also the first phase chromium enters. 

Magnesiowüstite can thereby not be avoided without drastically changing the slag 

composition and should thus be stabilized. The spinel phase is starting to crystallize 

later and the last chromium-containing phase to crystallize is brownmillerite. 

According to the thermodynamic calculations, the aluminium enters the 

brownmillerite in the beginning as it is formed, which is in contrast to the centre of 

brownmillerite being more aluminium-poor than the edges described by Taylor.66 

The aluminium content in brownmillerite is not possible to control and thereby the 

dissolution of brownmillerite can not be affected. As brownmillerite cannot be 

stabilized it has to be avoided in slag to prevent chromium leaching. 
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Figure 17. Thermodynamic calculated solidification of common chromium-containing phases at the 

average slag composition. The red and blue squares show the composition change of some of the 

elements in brownmillerite and magnesiowüstite, respectively. 

The dissolution studies proved that magnesiowüstite with FeO content over 60 wt% 

resisted dissolution at pH 10. MgO is the first phase to crystallise forming a basis 

of the magnesiowüstite. As the slag continues to solidify, FeO enters the 

magnesiowüstite. The increase in FeO as the slag cools can be detected in SEM 

samples where the edges of magnesiowüstite are more FeO-rich than the middle. 

The thermodynamic calculations with varying FeO content show a correlation 

between the FeO content in the slag and in the magnesiowüstite. The spinel is a 

stable phase but is formed partly from stealing components from the 

magnesiowüstite. Depleting the magnesiowüstite of FeO and other elements may 
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cause it to become unstable. Excessive formation of spinel should thereby be 

avoided in the low-alloy EAF slag.  

The thermodynamic calculations indicated that basicity B2, the CaO/SiO2 ratio, 

affects the temperature when brownmillerite is crystallized. The average slag 

composition used in the calculations has a basicity of 2.5 and changing the basicity 

to 2.2 postponed the temperature of brownmillerite formation. At basicity 2.5 there 

is still liquid slag present when brownmillerite starts to form but at basicity 2.2 all 

slag has solidified when brownmillerite is beginning to form. Due to kinetics, 

reaching equilibrium and forming minerals take longer in a solid than in a melt. If 

the cooling rate exceeds the time required for formation of brownmillerite, 

brownmillerite should not be present in the slag. Thereby, two potential methods 

for decreasing brownmillerite exist; decreasing the basicity or increasing the 

cooling rate. Both decreasing basicity and varying cooling rates are to be 

investigated in laboratory scale. 
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3.2.1 Conclusions thermodynamic calculations 
There are two possible methods to increase the FeO content in magnesiowüstite: 

decreasing the cooling rate or increasing the FeO content in the slag. The 

aluminium content in brownmillerite may be impossible to regulate as the 

aluminium content in the slag can not be regulated and brownmillerite should 

therefore be avoided. There are two possible methods to avoid brownmillerite 

formation: decreasing the basicity or increasing the cooling. Increased cooling rate 

may avoid brownmillerite formation but decreased cooling rate increases the FeO 

content in magnesiowüstite. However, slow cooling may not be completely positive 

for stabilising magnesiowüstite, as slower cooling also encourages spinel growth, 

and the spinel phase may take some elements from the magnesiowüstite. Both fast 

and slow cooling should be investigated in laboratory scale to determine the effect 

on chromium leaching. 
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3.3 Laboratory experiments on real systems 
All laboratory experiments were conducted on slag produced at the Ovako 

steelplant in Hofors.  

3.3.1 Increasing FeO content in magnesiowüstite 
Slag was remelted with FeO additions to investigate the effect of increased FeO 

content. SEM-EDS analysis, seen in Table 8, confirmed that there is a correlation 

between increased FeO content in the slag and increased FeO content in the 

magnesiowüstite, as predicted by the thermodynamic calculations. The increase in 

FeO in the magnesiowüstite is also correlated to the cooling rate. The reference 

sample which had the slowest cooling rate had 28.6 atom% Fe while the remelted 

sample had 21.4 atom%. The Fe content in the slower cooled 25 wt% FeO samples 

was on average 2.4 percentage points higher than the normally cooled 25 wt% 

samples. 

Table 8. Average SEM-EDS analysis in atomic% of brownmillerite and magnesiowüstite with 

different FeO additions 

  Brownmillerite Magnesiowüstite 
  Cr Fe Al Cr Fe Mg 
Reference 2.0 11.4 7.9 0.7 28.6 8.7 
Remelted 1.1 5.4 12.2 2.6 21.4 19.0 
25 wt% FeO 0.2 8.2 11.3 2.0 26.2 15.7 
25 wt% FeO slow cool 1.1 6.3 11.6 1.6 28.6 13.6 
30 wt% FeO 0.1 7.0 12.3 1.4 30.4 12.8 
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The chromium leaching of the slag in relation to the FeO content in the slag is seen 

in Figure 18. Two independent modifications of the same base material with FeO 

were conducted. In the first trial, represented by the blue dots, chromium leaching 

decreased from 5.8 mg/kg to 0.2 mg/kg when the FeO content was increased from 

15 wt% to 30 wt% in the slag. In the verification trial, the red dots, the chromium 

leaching instead increased from 2.5 to 5.5 mg/kg when the FeO content increased 

from 15 wt% to 29 wt%. The increase in leaching is probably because the FeO 

addition in the second trial also contained Fe2O3, seen by optical inspection, which 

may have affected minerals other than magnesiowüstite. The increase in chromium 

leaching indicates that the magnesiowüstite is not the main mineral responsible for 

leaching chromium as the impact of Fe2O3 then would be less noticeable.  

Additionally, the decrease in chromium leaching in the first trial may not be 

because the FeO content stabilized the magnesiowüstite as first expected. There is a 

possibility that the increased FeO content increased the amount of magnesiowüstite 

and thereby enabled the phase of capturing more chromium, chromium that 

otherwise would have entered the brownmillerite. This is supported by the 

decreased chromium content (Table 7) found in the brownmillerite by SEM-EDS, 

as the FeO content in the magnesiowüstite increased. This demonstrates that results 

can be hard to interpret when studying slag as a bulk material. When a change is 

made it will not affect just a single mineral but changes the equilibrium of the 

system. From these trials, magnesiowüstite cannot be ruled out as a chromium 

leaching mineral but it is clear that chromium leaching is not solely governed by 

magnesiowüstite.  
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Figure 18. Chromium leaching of slag of different FeO additions 

  



  

61 

 

3.3.2 Preventing formation of brownmillerite with decreased basicity 
The effect basicity has on brownmillerite content and leaching of chromium was 

studied by remelting slag samples with SiO2 addition. The different phases detected 

by SEM-EDS and XRD analysis can be seen in Table 8. The sample with basicity 

2.0 was only analysed by XRD. The same mineral is detected by both methods in 

most cases, the exceptions being spinel and brownmillerite, which are only detected 

by SEM-EDS in some samples, probably due to low concentration. Brownmillerite 

was detected at basicity 2.3 and higher. In the sample with basicity 1.5 merwinite 

was detected. Merwinite may contain chromium and dissolves in water and is 

thereby not a suitable mineral in this slag if chromium leaching should be avoided. 

Table 9. Minerals identified by XRD and SEM analysis 

  Basicity Larnite Magnesio- Brownmillerite Spinel Merwinite 
    Ca2SiO4 wüstite MeO Ca2(Al,Fe)2O5 AB2O4 Ca3MgSi2O8 

Reference 2.7 XRD, SEM XRD, SEM SEM XRD, SEM 
 Remelted 2.7 XRD, SEM XRD, SEM XRD, SEM SEM 
 Basicity 2.3 2.3 XRD, SEM XRD, SEM SEM SEM 
 Basicity 2.0 2.0 XRD XRD 

 
XRD 

 Basicity 1.5 1.5   XRD, SEM   XRD, SEM XRD, SEM 
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The results of chromium leaching of the different samples can be seen in Figure 19. 

The chromium leaching was highest in the reference and the remelted sample. 

Decreasing the basicity to 2.3 showed a significant decrease in chromium leaching 

from 2.2 to 0.1mg/kg. Further decrease of chromium leaching, 0.05 mg/kg, could 

be seen when the basicity was decreased to 2.0. The basicity decrease from 2.0 to 

1.5 did not result in significantly less chromium leaching since brownmillerite is 

absent in slag with basicity 2.0 and 1.5. The laboratory experiments thereby 

showed the connection between basicity, formation of brownmillerite and 

chromium leaching.  

 

Figure 19. Chromium leaching of slag with different basicity caused by SiO2 additions 
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3.3.3 The effect of cooling rate on chromium leaching 
The effect of cooling rate on brownmillerite formation was investigated by 

different cooling rates on remelted slag of basicity 2.1 and 2.8. Table 10 shows the 

minerals seen in XRD and SEM-EDS analysis. Brownmillerite was not detected in 

the slag samples at basicity 2.1 but in every slag sample at basicity 2.8. The 

correspondence between the analyses in XRD and SEM-EDS is good. The only 

difference is that spinel was only detected by SEM-EDS and not by the XRD in the 

fast-cooled sample at basicity 2.8. With faster cooling the spinel does not have time 

to grow; consequently, the spinel content may be too low to be detected with the 

XRD. 

Table 10. Minerals found in SEM and XRD, the reference samples did not undergo SEM analysis 

  Basicity Larnite Magneiso- Brownmillerite Spinel 

    Ca2SiO4 wûstite MeO Ca2(Al,Fe)2O5 AB2O4 
Reference 2.1 XRD XRD  XRD 

 2.8 XRD XRD XRD XRD 
Hold. Temp. 2.1 XRD, SEM XRD, SEM  XRD, SEM 

 2.8 XRD, SEM XRD, SEM XRD, SEM XRD, SEM 
Alter. Temp. 2.1 XRD, SEM XRD, SEM  XRD, SEM 

 2.8 XRD, SEM XRD, SEM XRD, SEM XRD, SEM 
Set Cool. 2.8 XRD, SEM XRD, SEM XRD, SEM XRD, SEM 
Fast Cool. 2.8 XRD, SEM XRD, SEM XRD, SEM SEM 

 

The average composition of brownmillerite and magnesiowüstite at basicity 2.8 

was analysed with SEM-EDS and is shown in Table 11. Fast cooling resulted in the 

highest aluminium content in the brownmillerite and the lowest iron content in 

magnesiowüstite. The fast-cooled sample had the highest chromium content in 

magnesiowüstite. This does not necessarily indicate that the fast-cooled 

magnesiowüstite has captured more chromium, as the analyses do not quantify the 

quantity of magnesiowüstite. 
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Table 11. Average elemental composition of brownmillerite and magnesiowüstite in atomic% of the 

samples with basicity 2.8 

  Brownmillerite Magnesiowüstite 
  Cr Fe Al Cr Fe Mg 
Hold. Temp. 0.4 8.3 10.5 1.0 23.6 17.2 
Alter. Temp. 0.2 9.9 9.1 1.8 25.4 14.7 
Set Cool. 0.6 8.9 9.9 1.5 26.3 14.5 
Fast Cool. 0.3 4.7 14.5 4.5 19.2 17.3 

 

The chromium leaching of the slag solidified by means of different methods can be 

seen in Figure 20. The leaching of the slag at basicity 2.1 is less than for the slag 

with basicity 2.8. Altering the temperature between 1000°C and 800°C caused the 

largest increase of chromium leaching from the slag at basicity 2.1, while holding 

the temperature at 700°C caused the largest increase in chromium leaching from 

the slag at basicity 2.8. The increase in chromium leaching was expected, as the 

hold temperature method and alter temperature method were used to represent the 

worst possible situations for the slag handling. Hold temperature maintained the 

temperature at 700°C, close to the temperature of maximum brownmillerite content 

according to thermodynamic calculations. This explains the unusually high 

chromium leaching of the hold temperature slag sample at basicity 2.8. 

The fast cooling rate decreased the chromium leaching of the 2.8 basicity slag to 

1.89 mg/kg, despite having brownmillerite with the highest aluminium content. The 

decrease in chromium leaching indicates that faster cooling is a possible method for 

decreasing chromium leaching.  

It is worth mentioning that the fast cooling conducted in these experiments still 

results in a crystalline slag. Cooling fast enough to result in amorphous slag should 

be avoided as Tossavainen et al.74 noted the chromium leaching from low-alloy 
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EAF slag decreased with semi-rapid cooling only to increase again when the slag 

was water-granulated. 

 

Figure 20. Chromium leaching of slag at basisity 2.1 and 2.8 using different cooling methods 

  



  

66 

 

3.3.4 Conclusions of laboratory experiments 
Based upon the conducted laboratory experiments, brownmillerite seems to have 

the largest effect on the chromium leaching from the low-alloy EAF slag. If 

magnesiowüstite would have been the primary source of chromium leaching the 

fast-cooled sample which has the highest chromium content and at the same time 

the lowest iron content in magnesiowüstite would have had the highest chromium 

leaching and not the lowest. But the magnesiowüstite cannot be completely 

excluded from contributing to chromium leaching and should still be considered in 

full-scale operation. The basicity experiments showed correlations between 

basicity, brownmillerite content and chromium leaching. These correlations need to 

be confirmed and the possibility to control basicity in full-scale should be tested. 

The cooling rate of low-alloy EAF slag decreased the chromium leaching less than 

changing the basicity. The fast cooling of slag at basicity 2.8 decreased the 

chromium leaching to 1.9 mg/kg, while decreasing basicity of a slag sample from 

2.7 to 2.0 decreased the chromium leaching to 0.05 mg/kg. The cooling rate still 

affects the chromium leaching especially in slag at higher basicity. The hold 

temperature method increased the chromium leaching from the slag at basicity 2.8 

from 4.5mg/kg to 15.2 mg/kg, while the fast cooling decreased it to 1.9 mg/kg. The 

cooling method that increased the chromium leaching the most from the slag at 

basicity 2.1 increased it from below detection limit to 0.7 mg/kg. Cooling in full-

scale should therefore be investigated. 
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3.4 Full-scale verifications 
The laboratory tests were scaled up to determine if the results could be confirmed 

and the methods implemented in the full-scale process. 

3.4.1 Slag composition 
When batches from full-scale production were studied, a weak correlation between 

an increase in FeO in the slag and an increase in FeO in the magnesiowüstite could 

be seen in the SEM-EDS analysis. No correlation of the FeO content in the slag or 

magnesiowüsite and the chromium leaching could be detected in the full-scale 

trials. This corresponds to the findings of Mombelli et al.53 who concluded after 

studying slag from steel plants that the magnesiowüstite did not seem to contribute 

to leaching; in fact, high chromium in the magnesiowüstite was an indicator of less 

chromium leaching. Although there was no correlation between chromium leaching 

and FeO content, a correlation between decreased chromium leaching with 

decreased basicity was detected and can be seen in Figure 21.  

 

Figure 21. Chromium leaching of single batches of slag freshly produced and stored in a bucket for 

1.5 years 
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3.4.2 Basicity controlling full-scale 
Full-scale trials in order to study the basicity were conducted using two different 

procedures: modifying 24 hour campaigns and individual batches with Si-sand 

addition. The additional Al2O3 content in the Si-sand used for full-scale trials can 

be a problem if it promotes brownmillerite formation or increases the Al2O3 content 

in brownmillerite, resulting in brownmillerite dissolving faster. 

In full-scale, the basicity of the slag was targeted at 2.2. The measured basicity of 

the campaigns varied. In a single campaign the basicity ranged from 1.7 to 2.4 in 

different samples. Over all campaigns the basicity varied from 1.7 to 2.8. The 

variation shows that basicity is difficult to control in full-scale. As all the slag pile 

from the campaign consisted of a mix of all batches produced during 24 hours, the 

majority of the samples in the same campaign had similar chromium leaching 

regardless of basicity. Brownmillerite and merwinite, usually found at different 

basicities, was found in the same samples in XRD analysis. The similar leaching of 

the samples and the presence of both brownmillerite and merwinite indicate that 

batches with different basicity are mixed in the samples. The measured basicity is a 

combination of the different batches and does not correspond to the minerology in 

the slag. The 24-hour campaigns did not therefore obtain the right basicity in the 

slag and no conclusions with respect to the influence of basicity on mineralogy and 

leaching can be drawn. 

The basicity of the individual tested batches also varied, again indicating the 

difficulty of controlling the basicity in full-scale operation to a specific value. The 

chromium leaching of the modified single batches are presented in Figure 22. The 

basicity of the batches was below the targeted 2.2. The chromium leaching of these 

batches was less than 0.25 mg/kg. Batches above basicity 2.2 generally leached 
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more chromium than those below basicity 2.2. When analysed in XRD, 

brownmillerite was not detected in most of the samples of the single batches, 

thereby confirming the results from the laboratory scale: lower basicity results in 

less brownmillerite, which results in less chromium leaching.  

 

Figure 22. Chromium leaching of single batches with basicity below 2.2, the red line represents the 

limit of chromium leaching to be classified as inert  
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3.4.3 Cooling full-scale 
The effect of cooling could clearly be seen in full-scale using two different cooling 

methods. The chromium leaching was at 1.4 mg/kg for air-cooled slag, while 

chromium leaching of water-cooled slag was 0.3 mg/kg, as seen in Figure 23. 

Cooling the slag with water is already a possible option in full-scale production but 

is associated with a risk for gas explosion. The safety aspect limits the usage of this 

method and other cooling methods are more viable for everyday production.  

 

Figure 23. Chromium leaching of air- and water- cooled slag 
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3.4.4 Conclusions of the full-scale verifications 
The full-scale trials showed that the composition of magnesiowüstite in this slag 

could not be correlated to chromium leaching. The full-scale trials also verified the 

importance of basicity and cooling for controlling chromium leaching. 

Unfortunately, the basicity is challenging to control to a certain value, as there are 

several parameters which varies. More trials in full-scale should be done to find the 

best method of decreasing the basicity and determine the possibility to control the 

basicity. Cooling the slag faster by spraying water on top of the slag also showed a 

decrease in chromium leaching. As water-spraying each batch increases the risk of 

explosion, other cooling methods should be investigated.  
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Chapter 4  

Concluding discussion 

4.1 Discussion chromium leaching of low-alloy EAF slag 
Autoclave-treated or aged slag was used as a basis for all results and conclusions. If 

the newly melted slag without autoclave treatment would have been used for the 

leaching tests, the conclusions would not have been the same, as almost all samples 

without autoclave treatment show close to or below 0.04 mg/kg chromium 

leaching.  

Both magnesiowüstite and brownmillerite can leach chromium. The conclusion of 

both laboratory-scale and full-scale trials is that magnesiowüstite is not the main 

mineral responsible for chromium leaching from the studied low-alloy EAF slag. In 

Ovako Hofors slag the magnesiowüstite is stable and chromium leaching from 

brownmillerite dominates. The simplest way to avoid chromium leaching from 

brownmillerite is to avoid brownmillerite in the slag. Decreasing the basicity seems 

to be the most effective way to avoid brownmillerite formation. The effect of 

basicity on chromium leaching has been confirmed by laboratory experiments and 

in full-scale. Unfortunately, the basicity cannot be regulated to an exact value in 

full-scale, as there are too many factors changing from one batch to another. It may 

not be possible to achieve minimum chromium leaching in each batch but it should 

be possible to decrease the basicity enough to decrease chromium leaching. As a 

compliment to decreasing the basicity a faster cooling rate can be applied to ensure 

decreased leaching of chromium. 
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4.2 Optimal route to minimize chromium leaching 
The route for forming low-alloy EAF slag with the least chromium leaching is now 

outlined. Chromium normally exists in three phases in low-alloy EAF at present 

basicity: spinel, magnesiowüstite and brownmillerite. When these minerals are 

present, chromium is distributed between all three phases. The first mineral to 

crystalize when the slag solidifies is magnesiowüstite, MeO; thus formation of this 

mineral cannot be avoided and magnesiowüstite has to be stable to prevent 

chromium leaching. The magnesiowüstite must firstly be formed with MgO as the 

base mineral, not CaO, and then contain sufficient amounts of FeO to be stable. 

Saturating the slag with MgO by adding dolomite as a slag forming agent promotes 

the formation of magnesiowüstite based on MgO and also prevents some refractory 

wear. The FeO content in the magnesiowüstite is increased by increasing the FeO 

content in the slag but also by a slower cooling rate. The spinel phase is considered 

stable and does not need to be removed or altered. Additional formation of spinel is 

not recommended, as the spinel is partly formed from components of the 

magnesiowüstite and may decrease the stability of magnesiowüstite. The next 

important step in order to avoid chromium leaching is to avoid brownmillerite 

formation. The formation of brownmillerite is controlled by basicity, the CaO/SiO2 

ratio. According to thermodynamic calculations, basicity close to 2.2 seems to 

prevent brownmillerite formation in the slag and the basicity should be kept above 

2.0, as lower basicity can result in formation of merwinite, another mineral that 

may contain chromium and which dissolves in water. Results from laboratory and 

full-scale investigations indicate that basicity between 2.0 and 2.2 produced a slag 

with the least chromium leaching. 
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Chapter 5  

Summary/conclusions 

Magnesiowüstite, brownmillerite and merwinite have the capacity to leach 

chromium from low-alloy EAF slag. By investigating the dissolution rate of these 

minerals individually and then using this information when studying the leaching of 

slag from laboratory and full-scale, the following conclusions has been made. 

• The dissolution rate of a mineral is correlated to pH and elemental 

composition in the mineral. 

• Merwinite is usually not present in the studied slag and should continue to be 

avoided to prevent chromium leaching. 

• Magnesiowüstite is stable and does not leach a significant amount of 

chromium as long as the FeO content is sufficiently high; in a pure FeO-

MgO magnesiowüstite this would be at least 60 wt%. The FeO content in 

magnesiowüstite can be increased by increasing the FeO content in the slag 

or using a slower cooling rate.  

• Chromium leaching may increase as low-alloy EAF slag ages. Leaching tests 

must be performed with aged low-alloy EAF slag; otherwise, the results are 

not representative because of the increase in chromium leaching over time. 

• Autoclave treatment of the slag restored the chromium leaching to that of 

aged slag and can be used as a method to fast-age low-alloy EAF slag before 

leaching tests. 

• The size distribution in the leaching test may affect the results and should be 

defined further within the already existing limits specified by the leaching 

test. 
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• The conclusion of both the laboratory-scale and the full-scale trials is that 

brownmillerite is the main mineral responsible for chromium leaching from 

the studied low-alloy EAF slag.  

• Brownmillerite formation can be avoided by decreasing the basicity, 

CaO/SiO2 ratio, to 2.2 or less. Basicity should be higher than 2.0 to avoid 

formation of merwinite.  

• Basicity is not the only parameter affecting chromium leaching; a faster 

cooling rate, still resulting in a crystalline material, decreases chromium 

leaching, albeit not to the same extent as decreasing the basicity. 

• It may not be possible to control the full-scale process to an exact basicity for 

each batch but the resulting decrease in basicity may still result in an overall 

decrease in chromium leaching.  
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Chapter 6  

Future work 

The presence of brownmillerite is the main parameter affecting chromium leaching 

of low-alloy EAF slag and some of the parameters affecting brownmillerite 

formation have been determined. The knowledge of producing the optimal slag 

needs to be applied to the best extent in full-scale.  

• Brownmillerite formation is primarily affected by a decrease in basicity. So 

far, the basicity has been decreased by increasing the SiO2 content but 

decreasing the CaO content also decreases the basicity. During plant trials 

the CaO addition has been decreased for 24 hours but longer trials are needed 

to see if refractory wear increases. If the refractories are unaffected, a 

decrease in CaO is a good option, as adding less CaO will save money and 

natural resources. If the decrease in CaO does not decrease the basicity 

enough it can be combined with addition of SiO2. Another source for the 

SiO2 addition with less aluminium content should be considered, as 

aluminium may affect the brownmillerite.  

• The autoclave leaching test could be optimised with time, temperature and 

water content. Other autoclaves need to be tested to see if the results are the 

same or dependent on the amount of slag and chamber size. The autoclave 

method should also be investigated using newly produced slag instead of 

remelted slag. The newly produced slag should be divided and one part 

treated in an autoclave and the other part aged outside to see the 

correspondence. 
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• The dissolution studies should be continued with more minerals and 

chromium leaching of other slag should be considered based on the mineral 

dissolution. 

In addition to the work referred to this dissertation, the following aspects would be 

of interest to investigate: 

• In this thesis the reactivity of minerals with water has primarily been seen as 

something to prevent as it can result in unwanted leaching. But being 

reactive in water is also connected to desirable properties. The reactivity of 

the minerals has been seen to be connected to the ability of purifying water. 

The connection between the reactivity and purification would be interesting 

to determine, if it applies to all minerals, as well as the mechanics behind the 

purification. 

• There is a possibility to make changes in slag composition that only affects 

the properties of solidified slag and not the properties of slag in the furnace, 

for examples impurity removal and refractory wear. Most of the time 

changes in composition are made to remove an unwanted property of the 

slag, it would be interesting to see if these kinds of changes can be used to 

improve the wanted qualities and result in slag that is custom-made for an 

intended application.  
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