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Abstract 

Chromium is an important alloying element in stainless steel but also environmentally harmful 

element. A number of mineralogical phases present in the slag matrix can contain chromium and 

lead to chromium leaching. Chromium in slag if not stabilized, could oxidize to the cancerogenic 

hexavalent state, and leach out if exposed to acidic and oxygen rich environment. Other 

environmental concerns are slag dusting and chromium escape to the atmosphere. Despite the 

fact that there is a certain risk of Cr-emission from slags at operating conditions, still very little is 

known regarding the emission of the oxides of chromium during the slag tapping. Spinel phase is 

known to be important for controlling the leaching properties of chromium from the slag. The 

objective of the present study was to get an understanding of the phase relationships and 

chromium partition in the chromium-containing industrial slags and synthetic slags with a view 

to control the chromium stabilization in spinel phase. The impact of slag basicity, heat treatment, 

oxygen partial pressure and Al2O3 addition, on the phase relationships and chromium partition 

has been determined. The experimental results were compared with the phase equilibrium 

calculations. It was found that the oxygen partial pressure in the gas phase had a strong impact 

on chromium partition. The experimental results show that the impact of the slag basicity on 

chromium partition at lower oxygen partial pressures was negligible in contrast to that in air. The 

amount of spinel phase was found to increase with increased Al2O3 content. Slow cooling of slag 

and soaking at low oxygen partial pressure would improve the spinel phase precipitation. This 

treatment will also lead to less Cr dissolved in the unstable matrix phases. Chromium oxide was 

found to be emitted when chromium containing slags were exposed to oxidizing atmosphere. The 

results indicate that chromium oxide evaporation increases with increase in temperature and 

oxygen partial pressure, but decreases with slag basicity and sample thickness. 
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Sammanfattning 

Krom är ett viktigt legeringsämne i rostfritt stål, men också ett miljöskadligt ämne. Krom finns i 

den slagg som bildas som en restprodukt vid tillverkning av rostfritt stål. Om kromet i denna 

slagg inte stabiliserats, kan kromet oxidera till cancerframkallande sexvärt tillstånd och hamna i 

naturen. I denna avhandling har fasförhållandena i krominnehållande syntetiska och industriella 

ljusbågsugnsslagger från den svenska stålindustrin studerats. Målet med denna avhandling har 

varit att öka förståelsen för fasförhållandena och kromfördelningen i industriella och syntetiska 

slagger, och att styra utfällningen av kromspineller i slaggen. Kromspinellfasen är känd för att 

stabilisera krom. Flera olika värmebehandlingssekvenser har används i studien. Effekterna av 

slaggbasiciteten, värmebehandlingen, syretpartialtrycket samt tillsatsen av Al2O3 på 

fasförhållandena har fastställts. Krominnehållet i de olika faserna har analyserades med ett antal 

analystekniker.  De experimentella resultaten har sedan jämförts med termodynamiska 

jämviktsberäkningar. Studien visar att syrepartialtrycket i gasfasen har en stark påverkan på 

kromfördelningen.  Andelen av den krominnehållande spinellfasen har ökat med Al2O3 innehåll i 

slaggen. Vidare visar arbetet att inverkan av slaggbasicitet på kromfördelningen vid lägre 

syrepartialtryck är försumbar i kontrast till det i luft. Långsam kylning av slagg och 

värmebehandling vid låga syrepartialtryck skulle förbättra spinellfasutfällning. Denna 

behandling kommer också att leda till mindre Cr inlöst i de instabila faserna. Resultaten indikerar 

också att kromförångningen från slaggen ökar med ökad temperatur och syrepartialtryck, men 

minskar med slaggbasiciteten.  

 

Nyckelord: spinell, slaggbasicitet, syrepartialtryck, förångning av kromoxid  
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1 INTRODUCTION AND AIM 

1.1 Chromium emission as an environmental concern 

Chromium is an important alloying element in stainless steel. Nevertheless, metallurgical slag 

from high-alloyed stainless steel production process containing environmentally harmful 

elements, especially chromium, is a growing concern. Steelmaking slag can have a chromium 

oxide content as high as eight weight percent
[1]

. Numerous mineralogical phases present in 

steelmaking slags are water soluble, such as, merwinite, periclase, dicalcium silicate and lime. 

Other phases present in the slags, viz. wüstite, spinel and glass are, on the other hand, considered 

as resistant to dissolution
[2]

. Chromium in steelmaking slags, if not stabilized, could be oxidized 

to the hexavalent state, and leach out if exposed to acidic and oxygen rich environments 
[2, 3]

. 

Steelmaking slags have properties that make them suitable as a construction material in road 

building as well as cement substitute or filler in concrete. In 2010, over 80 percent of all low-

alloy (Electric Arc Furnace) EAF slag produced in Sweden was used as external product, while 

only 10 percent of high-alloyed EAF slag was utilized externally
 [4]

, because utilization of high-

alloyed chromium containing steelmaking slag in landfills and road making is restricted. 

Steelmaking slag can become attractive as a cheap construction material and give an opportunity 

to save natural resources, if emission of Cr from slag can stopped. This would also improve the 

plant economy, since slag transportation and disposal to landfill sites as well as recycling within 

the steelmaking plants are costly operations. 

Mineralogical phases present in a slag system are highly dependent on slag composition and 

heat-treatment history. Mostafaee
[5]

 studied the relationship between the high-temperature 

microstructure of the slag  and its metallurgical properties by characterization of EAF slag  

phases. This author determined the phase amounts at the process temperatures. It was observed 

that, at the process temperatures, the EAF stainless steelmaking slag contained 

magnesiochromite spinel particles and metal droplets. Before FeSi addition, the slag also 

contained water soluble solid calcium chromite. Dicalcium silicate crystals were formed at a slag 

basicity (CaO/SiO2) higher than 1.5. This phase can disintegrate to dust and cause pollution. 

Nevertheless, there is still very limited information about the influence of the slag composition, 

basicity, temperature and the treatment time on the microstructural evolution of the slag. This 
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information is very important for the determination of the amount and the character of the phases 

present within the EAF slag.  

As mentioned, leaching of chromium by aqueous media is minimized if it is present as a 

spinel phase in the slags. The first objective of the present work is to find the impact of 

parameters such as slag basicity, heat treatment, temperature, cooling cycle, as well as 

oxygen partial pressure on the spinel formation and slag stability. 

Pacyna (1988) reported that chromium emission into atmosphere by steel making industry could 

be as high as 4.0-36.1 gram per ton steel produced
[6]

. It must be emphasized that major Cr 

emission into atmosphere comes from fossil fuel combustion
[7]

 and natural sources such as 

volcanic activities, sea salt aerosols and rock erosions
[8]

. Atmospheric pollution from the iron 

and steel industry by hexavalent chromium was considered to be primarily in the form of dust. 

Even though the global atmospheric chromium emissions from the iron and steel manufacturing, 

where Asia and Europe dominate, has decreased enormously during past decades
[7]

, information 

is lacking regarding the emission of CrO3 vapor during steelmaking process. The second 

objective of this work is thus to examine the possibility of CrO3 emissions from Cr-containing 

slags at steelmaking temperatures and minimize its extent.  
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2 LITERATURE SURVEY 

2.1 Chromium immobilization in spinel phase 

Significant research has been carried out on the leaching of chromium from slags and the 

resistance of various mineralogical phases in the slag towards leaching 
[3, 4, 9-21]

. The 

leaching of chromium from the slag is expected to be low or negligible if the chromium is 

distributed mainly in the MgCr2O4 or FeCr2O4 spinel phases 
[2]

. Attention has been paid to the 

formation of the spinel phase for reasons outlined above 
[2, 4, 9-21] 

 

2.2 Effect of slag composition on the spinel precipitation 

There are discrepancies in literature regarding the influence of the composition and basicity of 

slag on the spinel precipitation from Cr-containing slags 
[2, 4, 9-21]

. According to a recent study by 

Mostafaee et al.
[5], the effect of basicity on the spinel phase precipitation is very low and that 

basicity has almost no effect on the amount of the spinel phase in the slag. Other researchers, 

Engström et al. [2] and Wang
 [22], have reported that basicity may have a strong impact on the 

spinel proportions. Discrepancies in these previous studies regarding the effect of slag 

composition on the phase distribution as well as a lack of an efficient understanding of the 

phenomenon  of spinel phase precipitation from  metallurgical slag requires further investigation.  

 

2.3 Effect of the heat treatment history on the spinel precipitation 

When the formation of a phase is thermodynamically favoured, the dimensions of the crystals 

will depend upon the temperature to which the crystals are exposed and the duration of the 

exposure
[2]

.  Discrepancies
 [3, 4, 9-23]

 in the results from the previous studies regarding the effect 

of cooling rate on the phase distribution as well as a lack of an efficient method of spinel phase 

precipitation in metallurgical slags require further investigation. Tossavainen et al 
[21] 

studied the 

influence of rapid cooling by water granulation and its effect on chromium leachability. The 

differences between granulated slag samples and conventional slag were low. Loncnar et al 
[23] 
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studied the impact of the cooling rate of hot EAF slag on the leaching behavior. It was concluded 

that the cooling method has a significant effect on the slag leaching.  

 

2.4  Spinel formation and “factor sp” 

A method has been developed to bind the remaining chrome in the stainless steel slag into the 

stable mineral phases by addition of spinel forming oxides to the liquid slag before, during, or 

after tapping. The effects of different spinel forming agents are described by a factor named 

“factor sp” which was developed by Kühn et al.
[18]

. Mudersbach et al.
[19]

 suggested addition of 

Al2O3 to slags in order to favor the formation of the spinel phase during solidification. The so-

called “factor sp” was proposed based on slag composition:  

Factor sp = 0.2*MgO + 1.0*Al2O3 + n*FeOx -0.5*Cr2O3  [wt.%]                                   (1) 

The equation (1) is empirically derived correlation between the spinel factor and measured 

chromium leaching levels, where ‘n’ is a number between 1 and 4, depending on the oxidation 

state of the slag. When factor sp is below 5, a high chromium leaching is observed. When factor 

sp is above 5, chromium leaching is low. The equation was derived for stainless EAF slag and 

can give an idea of the spinels formed in these slags 
[2]

. 

 

2.5 Cr-spinel stability at different basicities in air 
 
 

Cr ions in the spinel phase are presented in trivalent state (Cr
3+

) as a Cr2O3 oxide. Sano et al. 
[24]

 

reported the oxidation of Cr
3+

 to Cr
6+  

in air. The Cr
6+ 

/ Cr
3+

 ratio increased with increasing 

slag basicity (CaO/SiO2)
 [24]

. Since Cr
6+ 

in air exists as CrO4
2-

 in slags, the oxidation 

reaction may be expressed as:   

Cr2O3 + 2 O
2-

 + 3/2 O2 = 2 CrO4
2-

                                                                                   (2) 

The formation of Cr
6+

 would be favored if the basicity of the slag, is high. Thus, spinel 

phase would become less stable. Acidic slags would prevent Cr
6+

 formation
 [24-26]

.  
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2.6 Stability of Cr-spinel at different oxygen partial pressures  

Morita et al.
[26]

 studied the solubility of Mg-chromite in 20%MgO-20%Al2O3-30%SiO2-

30%CaO at 1873K as a function of oxygen partial pressure. The authors observed that, when a 

molten slag is exposed to air, Mg-chromite dissolves into the bulk due to an increase in the 

solubility accompanied by oxidation to Cr
6+

. The solubility has its minimum in the range of 10
-5

-

10
-3 

Pa of oxygen partial pressure. Morita et al.
[26]

  observed mixtures of CrO and Cr2O3 at 

lower PO2 and Cr2O3 and CrO3 at higher PO2. 

 

2.7 Stability regions of chromium oxides  

In slags chromium exhibits three stable valence states, viz. Cr
2+

, Cr
3+

 and Cr
6+

 and the 

corresponding oxides species would be CrO, Cr2O3 and CrO3. At low oxygen partial pressures, 

Cr exists in two valence states, viz. Cr
2+

 and Cr
3+

, where Cr
3+

/Cr
2+

 ratio would increase with 

increasing slag basicities and oxygen partial pressures
[27-30]

. At 1873 K in air chromium 

containing slag melts can have as much as 40-55wt% CrOx where Cr
6+

/Cr
3+

 ratio would increase 

with slag basicity. In the high basicity region more than 50 percent of chromium would exists in 

hexavalent state
 [25, 26]

. Mausbach et al
 [31]

 had investigated the valency of the transition metal 

cations in slag systems using a spectroscopic technique. Cr
3+

 and CrO4
2-

 ions could be detected 

by these authors when the slag was melted in air. This is in conformity with the results of Morita 

et al
 [25, 26]

 and Okretic et al.
[32]

. The authors describe the time-resolved spectral behavior of the 

CrO4
2- 

on the basis of the formation of Cr2O7
2-

 ions and subsequent evaporation of CrO3.  

 

2.8 Phase equilibrium studies in Cr-containing slag systems 

A number of phase relations studies in chromium containing slag system were conducted earlier, 

where stability fields for the phases present were determined 
[33-39]

.  MgAl2O4, MgCr2O4 and 

MgFe2O4 spinels were reported to form solid solutions 
[33-35]

. Bartie 
[36]

 investigated the effects of 

temperature, slag chemistry and oxygen partial pressure on the behavior of chromium oxide in 

acidic slags used in platinum industry. The results of the experimental study revealed that 

chromium oxide partitions very strongly into spinel phase relative to the liquid phase, especially 
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at lower temperatures. The solubility of chromium oxide in the liquid phase was found to 

increase with increasing temperature and decreasing oxygen partial pressure. An increase in bulk 

Cr2O3 content would in its turn decrease the solubility of spinel in the glass phase, as reported by 

El-Shahat et al. [37]. Pan and Eric 
[38]

 conducted a study on chromium partition between SiO2-

CaO-Al2O3-MgO-FeOx-CrOx slags and Cr-Fe-C-Si-(S) metal phases under changing partial 

pressure of CO gas at elevated temperatures. The chromium concentration in the slag matrix 

decreased when the SiO2 and A12O3 concentration of the slag increased. Their results are 

applicable to ferrochrome refining slags and processes.   

It could be seen from the literature survey that a number equilibrium phase studies have been 

done for the lower order slag systems containing Cr2O3, but experimental work regarding phase 

equilibrium for higher order slag systems, such as  CaO-SiO2–FeO-MgO-Cr2O3-Al2O3-MnO slag 

systems or industrial EAF steelmaking slags are lacking in the literature.  

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

3 EXPERIMENTAL  

3.1 Strategy adopted in the present work  

Figure 1 shows the flow diagram of the present study. The experiments were designed in line 

with thermodynamic calculations and divided into two parts. The first part consists of phase 

equilibrium studies wherein the classical gas/slag equilibrium method was adopted. In the 

second part thermogravimetric analysis was utilized in order to study the CrO3 evaporation from 

the surface of thin slag film in oxidizing atmosphere.  

The heat treatment regimes adopted in the equilibrium studies with CaO-MgO-SiO2-Cr2O3–

(Al2O3) slags are presented in Figure 2. The samples with targeted compositions were 

equilibrated with air (regimes I.a, I.b and II.a) or a CO/CO2 gas mixture with PO2=10
-4 

Pa (II.b). 

The heat-treatment regimes used are described as follows: 

 

I. a)   Direct quenching from 1873 K after soaking at 1873 K for 24h. 

b) Quenching from 1873 K to room temperature after soaking for 24h, re-heating to 

1673 K and soaking at this temperature for 24 h followed by quenching  

 

II. a), b) Heating to 1873 K, soaking for 24 h, slow-cooling to 1673 K, soaking for 24h   

followed by quenching.  

 

In the case of industrial slags, because of the environmental and economical considerations, 

it is important to minimize the heat treatment time and the energy input. Figure 3 shows 

heating sequences applied in the case of a set of industrial slags EAF and CaO-SiO2–FeO-MgO-

Cr2O3-Al2O3-MnO synthetic slags, where  classical gas/slag method was utilized. The attempt 

was made to shorten the treatment time and decrease the soaking temperature.  Two different 

heat-treatment procedures were adopted. In both cases, the samples were soaked at an oxygen 

partial pressure of 10
-3

 Pa. Oxygen partial pressure was chosen to avoid reduction of FeO.  

 

A. Re-melting at 1873 K, slow-cooling to 1473 K, soaking for 12h followed by quenching*    

B. Re-melting at 1873 K, slow-cooling to 1673 K, soaking for 48h followed by quenching     
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Figure 1 The flow diagram of the study 
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Figure 2 Heating sequences and oxygen partial pressures applied in classical gas/slag equilibrium method in the 

case of CaO-MgO-SiO2-Cr2O3-(Al2O3) synthetic slags.  

 

 

 

 

 
Figure 3 Heating sequences applied in the case of a set of industrial slags EAF and CaO-SiO2–FeO-MgO-Cr2O3-

Al2O3-MnO synthetic slags. Oxygen partial pressure was kept at 10
-3

 Pa.  
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Figure 4 illustrates the heating sequence in the TGA experiment where oxygen partial pressure, 

time and temperature were set as parameters.  

 

 
Figure 4 Heating sequences in the TGA experiment where oxygen partial pressure, time and temperature were set as 

parameters.  

 

The post-experiment samples were examined by standard characterization techniques such as 

SEM/WDS and XRD. Where the impacts of slag basicity, heat treatment, oxygen partial pressure 

and Al2O3 addition on the Cr partition have been determined. Selected experiments were 

repeated and the results were found to be reproducible.  

 

3.2 Sample Analysis  

Pulverized samples were subjected to XRD to determine the phases present. For the XRD 

analysis, SIEMENS D5000 X-Ray Diffractometer (Kα–Cu) was used.  

Dried and polished sections of the samples were prepared for microscopic analysis. SEM 

analyses were carried out using a Hitachi S3700N SEM unit equipped with Bruker SDD–

detector for EDS analysis. Cr content in the phases present was analyzed by WDS technique. A 

Field emission gun scanning electron microscope model: JEOL JSM-7000F, equipped with back 

scattering electron detector (detectable range: 0.17eV–10.8eV) was used for WDS analysis.  

Chemical analysis of industrial EAF slags was performed by Ovako Steel AB utilizing 

Inductively Coupled Plasma Spectrometry (ICP) in combination with X-Ray Fluorescence 

(XRF) equipment. Wet chemical titration was performed in the case of Fe, FeO and Fe2O3.  

Thin slag films were in preliminary experiments at TU-Bergakademie (TUBAF), Freiberg, 

Germany, formed on the Pt-30% Rh / Pt-6 % Rh thermocouple in a Single Hot Thermocouple 



11 
 

Technique (SHTT) unit. As this unit had no provision for the installation of flow-rate control of 

the gas, the experiments were modified and the chromium loss was studied at the Royal Institute 

of Technology, Stockholm, Sweden in the thermogravimetric analysis (TGA) unit, where 

different gas atmospheres could be used and an accurate control of the gas flow rate could be 

achieved.  

 

3.3 Materials and sample preparation 

3.3.1 Industrial slags  

Representative slag samples each of 15-20 kg were collected from the slag yard immediately 

after the tapping from slag ladle. The slags in fact were tapped after the final step of the EAF 

process. The material consisted of coarse pieces that were crushed. Particles of entrapped metal 

were removed prior to crushing. In a first step, the material was crushed in a jaw crusher to 

ensure a particle size smaller than 4 mm. Fractions finer than 1 mm were sieved away in order to 

avoid possible cementation.  

 

3.3.2 Synthetic slags  

The chemicals used and their purity grades are given in the Table 1.  

Table 1 Purity of the chemicals used for the synthetic slag preparation 

Chemical Purity Supplier 

Pt 99.99% Alfa-Aesar, Germany 

Cr2O3 99.8% Sigma-Aldrich, Sweden 
SiO2 99% Sigma-Aldrich, Sweden 

MgO 99% Sigma-Aldrich, Sweden 

CaO 99% Sigma-Aldrich, Sweden 

Al2O3 99.8% Sigma-Aldrich, Sweden 

Fe, metal 99.9% Sigma-Aldrich, Sweden 

Fe2O3 99.0% Sigma-Aldrich,  Sweden 

MnO 99.5% Sigma-Aldrich, Sweden 

 

CaO, Al2O3 and MgO powders were calcined at 1273K (1000ºC) in a muffle furnace for 12h in 

order to decompose any hydroxide and carbonate present. SiO2 and Cr2O3 powders were heat-

treated at 383K (110ºC) for 10 h in order to remove any moisture. After mixing the chemicals in 

appropriate proportions in an agate mortar, the powder mixtures were pressed into pellets of 
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15mm in diameter. The wüstite (FeO) used for the experiments was synthesized from 

stoichiometric amounts of iron and Fe2O3 powders. The mixture was carefully mixed in an agate 

mortar, pressed into an iron crucible (purity 99.9%) with a tight iron lid and placed in the 

furnace. The mixture was kept at 1273 K in argon atmosphere for 24h in order to reach 

equilibrium. The crucible with the contents was then quenched by withdrawing to the cold end of 

the furnace in argon atmosphere. The FeO produced was examined by XRD and the absence of 

both magnetite and metallic iron were confirmed. Purified technical grade gases, supplied by 

AGA, Stockholm, Sweden were used to control the oxygen potential in the gas phase. The 

samples were carefully preserved in desiccators to prevent re-absorption of water and CO2 from 

atmosphere. Chemical compositions in mass percent for a set of CaO-MgO-SiO2-Cr2O3–(Al2O3) 

slags for the classical gas/slag equilibrium method are presented in Tables 2 and 3.  

 

Table 2 Chemical composition CaO-MgO-SiO2-Cr2O3  system in mass percent 

 

 
Table 3 Chemical compositions CaO-MgO-SiO2-Cr2O3–Al2O3 

 

The classical gas/slag equilibrium experiments with synthetic slags with high FeO content and 

composition close to industrial slag, (EAF-slag4) were conducted, where slag basicity varied in 

the range 1.5-3.0. Chemical compositions in mass percent for a set for CaO-SiO2–FeO-MgO-

Cr2O3-Al2O3-MnO synthetic slags are presented in Table 4.  

Table 4 Chemical compositions of the EAF-slag4* synthetic slags used wt% 

Serie Basicity CaO SiO2 FeO MgO Cr2O3 Al2O3 MnO 

SY1 1.5 26.0 17.2 35.0 8.0 6.0 6.0 2.0 

SY2 2.0 29.0 14.3 35.0 8.0 6.0 6.0 2.0 
SY3 2.5 31.0 12.3 35.0 8.0 6.0 6.0 2.0 

SY4 3.0 32.0 10.8 35.0 8.0 6.0 6.0 2.0 

 

Serie Basicity (CaO/SiO2) CaO SiO2 MgO Cr2O3 

S1 1.0 43.0 43.0 8.0 6.0 

S2 1.2 46.9 39.1 8.0 6.0 

S3 1.4 50.2 35.8 8.0 6.0 

S4 1.6 52.9 33.1 8.0 6.0 

S5 1.8 55.3 30.7 8.0 6.0 

S6 2.0 57.3 28.7 8.0 6.0 

Serie Basicity (CaO/SiO2) Al2O3 CaO SiO2 MgO Cr2O3 

SA1 1.6 3.0 51.1 31.9 8.0 6.0 

SA2 1.6 6.0 49.2 30.8 8.0 6.0 

SA3 1.6 8.0 48.0 30.0 8.0 6.0 

SA4 1.6 12.0 45.5 28.5 8.0 6.0 
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For the TGA studies alumina-saturated synthetic slag with a slag basicity (CaO/SiO2) 1.0-2.0 

were prepared. The compositions are given in Table 5. The component oxide powders were 

mixed thoroughly in an agate mortar and premelted in an induction furnace. Alumina crucibles 

with diameter of 16 mm were used to pre-melt the samples. After the slags were melted and 

homogenized, an alumina tube with diameter of 4mm was dipped into the slag melt. After the 

alumina tube containing the slag was taken out and cooled, it was cut into thin plates of 0.5 and 

1.0 mm thickness.  

Table 5 Alumina-saturated synthetic slag with a slag basicity (CaO/SiO2) 1.0-2.0 The slag composition in mass% . 

Basicity  Al2O3 CaO SiO2 MgO Cr2O3 

1.0 45.0 20.0 20.0 8.0 7.0 

1.5 45.0 24.0 16.0 8.0 7.0 

2.0 45.0 26.6 13.3 8.0 7.0 

 

3.4 Experimental methods  

3.4.1 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) in the temperature range 1673K to 1873 K was used for the 

Cr-oxide evaporation study from the thin alumina-saturated slag films. The samples from the 

post-TGA experiments were analyzed by WDS analysis thereby the loss of Cr was determined.  

The TGA studies were carried out under three different oxygen partial pressures, viz. oxygen, air 

and argon. The slag composition mass%  is given in Table 5. 

Thermo-gravimetric analyses were performed in a SETARAM TGA-24, (Setaram 

Instrumentation, Caluire, France) TGA instrument provided with a dual furnace system having 

an weighing accuracy of 1 µg. The sample was suspended in the even temperature zone (± 1 K) 

of the furnace by a Pt wire inside the alumina reaction tube. An inert reference sample was 

positioned in the reference furnace. A type-B thermocouple was used to monitor the temperature. 

It was placed as close to the sample as possible. The evaporation experiments were carried out 

under isothermal conditions. The sample was heated to the target temperature in the range of 

1673 K to 1873 K at a heating rate of 30K/min in argon atmosphere at a flow rate of 50Nml/min. 

The oxidant gas was switched on when the system had attained steady target temperature. The 

starvation rate of gas flow was determined to be 300 Nml/min. In order to avoid the gas phase  
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mass transfer as the rate-controlling step, the gas flow rate was kept above the starvation rate, 

viz. at 320 Nml/min.  

The samples were kept at the target temperatures for different time sequences.  During the 

experiments, the mass and temperature changes of the sample were registered every 2 seconds by 

the software attached to the TGA unit. The samples were cooled at the rate of 40K/min after the 

experiment. Selected experiments were repeated to confirm the reproducibility.  

 

3.4.2 The gas/slag equilibrium method 

The classical gas/slag equilibrium method was adopted in the study with well-defined conditions 

such as oxygen pressures, alumina addition, slag basicities and heat treatment conditions. The 

samples were rapidly quenched after equilibration, by withdrawing the alumina holder on strips 

of alumina “runners” towards the cold gas exit end of the furnace tube. After that, the samples 

were quenched in water. Figure 5 shows the schematic arrangement of the furnace reaction tube.  

Equilibration of slags with gas phase of well-defined oxygen partial pressures was carried out in 

this work so that the equilibrium phases could be studied under these oxygen pressures. Pt 

crucibles, pressed out of platinum foil of thickness of 0.13 mm were used for equilibration of the 

slags. The experimental results obtained from the present work are compared with the calculation 

results from Factsage software
[40]

.  

The furnace for equilibration studies was equipped with MoSi2 heating elements. The furnace 

was controlled by a Eurotherm PID controller equipped with Pt-30 % Rh / Pt-6 % Rh (type B) 

thermocouple as the sensor. 

 
Figure 5 Schematic arrangement of the furnace reaction tube.

 
Adopted from 

[22]  
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The Pt crucibles with the slag samples were positioned in an alumina holder, which, in turn, was 

placed in the even temperature zone of the furnace. The temperature of the sample was measured 

by a B- type thermocouple, placed directly above the sample as shown in Figure 5. The 

temperature deviation at the even temperature zone of the furnace that extended to about 80 mm 

at the centre of the reaction tube was found to be less than ±3K. A narrow gas inlet tube (5mm 

inner diameter) led the gas mixture directly into reaction zone just above the slag samples. This 

is expected to minimize the error due to thermal segregation of the gases in the gas mixture. The 

furnace was heated at a heating rate of 3K/min with gas mixture flowing through the reaction 

tube. The samples were equilibrated at targeted temperature and oxygen partial pressure at a gas 

flow rate of 100 ml/min.  

 

Gas cleaning system 

In view of the low oxygen partial pressures targeted in the equilibration studies, the gases used in 

the gas mixture were carefully purified before introducing into the reaction tube. The gas 

cleaning system consisted of a train of columns, present in the Figure 6. Columns of silica gel, 

magnesium perchlorate and ascarite were used to remove the traces of H2O and CO2 from the 

gases. Columns of copper turnings were kept at 823K, to remove the residual O2. The gases were 

mixed in a chamber filled with glass beads, before introducing the mixture into the reaction tube. 

The gas ratios used in the present study were pre-calculated using Factsage software for attaining 

the required oxygen partial pressure. Bronkhorst High-Tech Flow-bus E600 mass flow meters 

were used to control the flow rates of the involved gases.  

 

 
Figure 6 Schematic illustration of gas cleaning system: 0 – flow meter; 1- silica gel; 2-magnesium perchlorate; 

3- ascarite; 4- copper turnings. Adopted from
[22]

. 
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4 RESULTS AND DISCUSSION 

4.1 Thermodynamic calculations  

Thermodynamic calculations CaO-MgO-SiO2-Cr2O3-(Al2O3) slag systems were calculated in the 

temperature interval 1673-1873 K and two different oxygen partial pressures:  PO2
=10

-4
 Pa and 

(PO2
= 2.13×10

4
 Pa), for air. Thermodynamic calculations were carried out using Factsage 

software (Factsage 6.1), Thermfact Ltd (Montreal, Canada) and GTT-technologies (Aachen, 

Germany)
[40]. 

Databases chosen were Fact53 and FToxid.  

 

4.1.1 CaO-MgO-SiO2 -Cr2O3 slag systems 

Figure 7 illustrates an isopleth section for the CaO-MgO-SiO2-Cr2O3 system, where current 

compositions are marked with triangles.  Chemical compositions of the slag samples S1-S6, 

where slag basicity varied in the range 1.0-2.0 are given in the Table 2. The Cr2O3 and MgO 

contents were fixed at 6 and 8wt% respectively.  

 

Figure 7 Isopleth for the CaO-MgO-SiO2-Cr2O3 system, the solid triangle points present the designed composition 

of the slags. 
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In the current temperature interval 1673-1873 K samples series S1-S3 are located above and 

samples series S4-S6 below the solidus line. Which would affect the kinetics of spinel grows, 

since the diffusion velocity is much faster in liquid state compared to solid. 

Table 6 gives the amount of equilibrium phases in mass percent at 1873 K in air, while  Table 7 

gives amounts of equilibrium phases in mass percent at 1673 K and oxygen partial pressure 

PO2
=10

-4
 Pa, where values in the brackets are results for air (PO2

=2.13×10
4
 Pa). It can be seen 

that the fractions of the liquid phase alter at different oxygen partial pressure. The amount of 

liquid phase is decreasing with increasing oxygen partial pressure. It can be seen that the Mg-

chromite contents in the slag phase at 1873 K are first increasing with slag basicity, (samples S1-

S4) and then decreasing again, (samples S4-S6). Sample S4 with basicity 1.6 would then have 

the highest Mg-chromite content according to thermodynamic calculations.  These calculation 

results will be compared with experimental results in following chapters.   

 
Table 6 Amount of equilibrium phases in mass percent at 1873 K, results from the thermodynamic calculations by 

Factsage software  

 

 

Table 7 Amounts of equilibrium phases in mass percent at 1673 K and PO
2
=10

-4
 Pa from Factsage software. The 

values in the brackets correspond to PO
2
= 2.13×10

4
 Pa. 

Equilibrium phases S1 S2 S3 S4 S5 S6 

Slag-liquid 61.2 (*54.2)  75.1 (*61.9) 34.7 (*32.4)    

Akermanite  15.8 (*28.5)      

Pseudo-wollastonite 15.9 (*9.9)      

Mg-chromite  7.0  (*7.3 ) 6.8 (*7.1) 7.1 (*7.3) 7.6 (*7.5) (*7.3) (*7.3) 

Merwinite   18.2 (*31.0) 31.6 (*47.2) 37.4 (*40.2)    

a-Ca2SiO4   26.4 (*13.2)  54.9 (*50.9)  (*86.9) (*83.3) 

Monoxide     0.0  (*1.5)  (*5.8) (*9.5) 

*The values in the brackets are the calculated results for air, given for comparison. 

 

Pre-calculated phase diagrams by Factsage indicate that, for the slag systems within the basicity 

range of 1.0 to 1.5, the treatment temperature can be decreased to approximately 1673 K.  

 

Equilibrium phases
 

S1 S2 S3 S4 S5 S6 

Slag-liquid 93.5 92.6   87.6    

a-Ca2SiO4    4.9 41.8 75.6 70.9 

Spinel 6.6   6.4 6.5 7.6 7.1 6.9 

Merwinite     50.4 11.8  

Monoxide     0.3 5.5 7.1 

Hatrurite       14.9 
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4.1.2 CaO-MgO-SiO2 -Cr2O3-Al2O3 slag systems 

Table 8 presents the amounts of equilibrium phases versus Scheil-Gulliver solidification model 

in mass percent at 1673 K and oxygen partial pressure PO2
=10

-4
 Pa. The calculated results 

corresponding to Scheil-Gulliver solidification model are given in brackets. The amounts of 

liquid slag differ considerably between two calculations. The calculated values for air were 

identical to the values for oxygen partial pressure of PO2
=10

-4
 Pa. The effect of PO2 on the phase 

compositions in the CaO-MgO-SiO2-Cr2O3-Al2O3 system was not reflected in the calculations 

using Factsage database. 

Table 8 Amounts of Equilibrium phases versus (Scheil-Gulliver) solidification model wt%. 

Phases SA1 SA2 SA3 SA4 

ASpinel 10.2 / (2.4) 14.0 / (5.3) 13.7/(7.1) 16.8/(9.3) 

Mg-chromite 1.6 / (7.2) 0 / (7.0) 0 /(6.8) 0/(6.6) 

a-Ca2SiO4 62.3 / (61.3) 59.0 / (53.5) 53.4 /(53.9) 51.5/(47.6) 

Merwinite 24.6 / (17.4) 19.3 /(20.5) 15.9/(14.6) 6.5/(10.1) 

ASlag-liq 0 / (11.2) 0 /(3.5) 0/(2.7) 26.8/(1.6) 

Melilite 0 / (0) 6.7 /(10.1) 17.0/(14.6) 24.1/(24.7) 

 

Scheil-Gulliver solidification model is assumed to be more realistic since it deals with cooled 

slags and not idealized equilibrium conditions which in reality are difficult to reach.  Current 

experiments were carried out by melting the slag at 1873 K, then samples were cooling down to 

1673 K, see section Experimental Results. Because the samples were cooled slowly from 1873 to 

1673 K, the solidification model should be considered; just equilibrium calculation at 1673 K 

could be erroneous.    

Table 9 gives chemical compositions and melting points after equilibrium and Scheil-Gulliver 

solidification models of the original slag samples, where alumina content varied in the range of 

3-12 wt%. While equilibrium melting points do not change with composition, the results of 

Scheil-Gulliver solidification model show an increase in melting temperature with an increase of 

alumina content. 

 

Table 9 Chemical compositions and melting points after equilibrium and Scheil-Gulliver solidification models of 

the original slag samples.  

Serie 
Composition (wt%) Melting point by  Factsage 

Al2O3 CaO SiO2 MgO Cr2O3 Equilibrium Scheil-Gulliver 

SA1 3.0 51.1 31.9 8.0 6.0 1647 K 1615 K 

SA2 6.0 49.2 30.8 8.0 6.0 1647 K 1623 K 

SA3 8.0 48.0 30.0 8.0 6.0 1647 K 1623 K 

SA4 12.0 45.5 28.5 8.0 6.0 1647 K 1627 K 
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4.2 Experimental results  

4.2.1 Effect of basicity on the chromium partition in slag 

The slag samples S1-S6 were quenched after soaking at 1873 K for 24h in air, heat-treatment 

regime I.a. SEM and EDS techniques confirmed the Factsage calculations, spinel phase was 

precipitated at 1873K in air at slag basicities in the range of 1.0 - 1.6. Besides spinel phase, 

merwinite, wollastonite and dicalcium silicate phases were confirmed in the samples. At lower 

basicities the matrix consisted of a water resistant glass phase. A typical SEM micrograph 

corresponding to the sample S3, with basicity 1.4, is presented in the Figure 8. Fine (2.5 μm) 

polygonal spinel crystals, merwinite lamella and eutectic that have been formed on quenching, 

can be observed. The eutectic consisted of wollastonite, dicalcium silicate and Cr–rich oxide 

particles. The maximum Cr content in the matrix phases reached up to 5 at%, corresponding to 

the liquid phase that solidified on quenching (eutectic) located in-between merwinite lamella. In 

the matrix close to the spinel surface, the chromium content was found to be less than 1.6 at%, 

showing that the spinel growth occurred from the liquid matrix. Slags with basicities above 1.6 

contained more Cr distributed in the water soluble matrix phases (merwinate, dicalcium silicate 

and periclase phases). Periclase particles found in the samples S5-S6 were up to 50μm in size 

and had high amounts of Cr (5.6 at%) dissolved. β - Ca2SiO4 and γ- Ca2SiO4 polymorphs were 

found in the samples, according to XRD. 

 
Figure 8 Slag sample S3 quenched after heat treatment at 1873 K for 24h, heat-treatment regime I.a. 

(1): Fine (2.5 μm) polygonal spinel crystals; (2): merwinite lamella; (3): eutectic, mostly consisting of wollastonite 

and Cr –rich oxide particles and Ca2SiO4. 
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The chromium content in the matrix in the samples S4-S6, was high and close to the start 

composition of the reagent mixture. These samples were not melted, but sintered which is in 

agreement with thermodynamic calculations for the system at 1873 K. According to phase 

diagram calculations, see Figure 7, the liquidus temperature of the slag system changes with 

basicity. Figure 9 shows the mean variation in Cr content in matrix phases as a function of 

basicity (CaO/SiO2), in the samples after the heat-treatment regime I.a. The mean chromium 

content in the matrix phases is increasing with increasing slag basicity. 
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Figure 9 Variation in Cr content in matrix phases as a function of basicity (CaO/SiO2), heat-treatment regime I.a 

 

Figure 10 and 11 show the change of activity as a function of basicity for the current slag system 

at 1653 K, for Cr2O3 and MgO oxides respectively, where the standard states for MgO and Cr2O3 

were pure, super-cooled liquid. The choice of the temperature, (below the solidus line), was to 

minimize the entropy contribution part and thereby improve the reliability of the calculations, 

since at higher temperature the entropy factor would dominate. From Figures 9 and 10 it is 

implied that the decrease in the Cr activity in the matrix phase would lead to a higher Cr content 

in the matrix. The sharp decrease in the activity of Cr2O3 at the slag basicities 1.4 to 1.6, see 

Figure 10, could be misinterpreted as to be due to the formation of spinel species in the slag. 

However experimental results show that at higher basicities Cr forms solid solutions with 

periclase (MgO) and merwenite (Ca3Mg(SiO4)2 phases instead of spinel, due to increased MgO 
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activity, as shown in Figure 11. Furthermore, due to increased CaO activity at higher basicity, 

calcium chromate phase CaCr2O4, is tending to form instead of MgCr2O4. Chromate clusters 

would associate with Ca ions in the slag matrix. This may be a plausible explanation for the 

higher Cr contents observed in the matrix phase.  
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Figure 10 Activity of Cr2O3 in CaO-MgO-SiO2-Cr2O3 (standard state= pure, super-cooled liquid Cr2O3) slag system 

at 1653 K as a function of basicity. Thermodynamic calculation by Factsage software. 
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Figure 11 Activity of MgO in CaO-MgO-SiO2-Cr2O3 (standard state= pure, super-cooled liquid 

MgO) slag system at 1653 K as a function of basicity. Thermodynamic calculation by Factsage 
software. 
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4.2.2 Effect of the heat treatment on chromium partition in slag 

In this chapter the experimental results for the samples that have undergone tree different heat-

treatment regimes in air, see Figure 3, are compared and discussed.  The influence of oxygen 

partial pressure on the Cr partition in slag is discussed in a separate chapter.  

In general, the Cr content in the matrix phases decreased after slow cooling, heat-treatment 

regime II.a, compared to the samples quenched from higher temperature 1873 K, heat-treatment 

regime I.a.  The cooling rate was sufficiently slow to allow Cr dissolved in water soluble phases 

such as periclase, merwinite and dicalcium silicate to be transferred to the stable spinel phase, 

with increased amount of spinel phase as result. This is in contradiction with Factsage 

calculations, where the spinel phase amount does not change with temperature in the current 

temperature range. 

Samples with composition S1 equilibrated in air heat-treatment regimes I.a and II.a are presented 

in Figures 12 and 13 respectively. Phase (1) corresponds to spinel crystals and phase (2) is the 

amorphous glass matrix. In the case of the heat-treatment regime II.a, Figure 13, the spinel grains 

were larger, up to 200 µm in diameter.  The spinel grain size increased after slow cooling and 

soaking at 1673 K (heat-treatment regime II.a) compared to the samples quenched from 1873 K, 

heat-treatment regime I.a. 

Both spinel phase and glass are known to be resistant to dissolution in the aqueous phase
 [41, 42]

.
 

Tanskanen et al.
[42]

 pointed out that Cr leaching from ferrochrome slag is extremely low, which 

is attributed to immobilization of chromium in spinel and the glassy phase. Glass formation is 

possible if slag with low basicity is quenched rapidly. To optimize the glass formation, 

Tanskanen et al.
[42]

 suggested rapid cooling. These authors pointed out that the cooling path 

before quenching should be sufficiently slow to allow crystallization of spinel
[42]

 .  

Cr captured in the water soluble periclase phase on quenching from 1873 K (I.a) would be 

rejected if the slag is re-treated at lower temperatures. Rejected chromium would form Mg- 

spinel phase, which is stable to dissolution. Sample with basicity 1.8 was re-annealed for 24h at 

1673 K after quenching from 1873 K heat-treatment regime I.b).  This slag, after quenching 

directly from 1873 K was found to have a periclase phase containing up to 5.6 at% Cr dissolved 

according to WDS analysis.  After reheating at 1673K heat-treatment regime I.b), the Cr content 

in periclase phase decreased to 2 at%. The spinel phase started to grow from the periclase 

crystals. 
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Figure 12 Samples with basicity 1.0 soaked in air, a) heating regime I.a. Overview of the microstructure: (1) spinel 

grains, (2) glass phase 

 
 

 
Figure 13 Samples with basicity 1.0 soaked in air, heating regime II.a. Overview of the microstructure: (1) spinel 

grains, (2) glass phase 

 

It was found that the heat-treatment at lower temperature will increase the precipitation of Cr-

spinel phase. However, the decrease of Cr content in matrix phases was not sufficient compared 

to slow cooled samples, heat-treatment regimes IIa. There was a certain compositional 

segregation within the samples S1-S6 after heating regimes I.a and I.b. Chromium content could 

vary in the rage of 1-5 at% within the matrix. After heating regime I.b Cr content decreased in 
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periclase phase but increased in the matrix phases. That may explain the increase in the average 

Cr content in the matrix phases after heating regime I.b compared to heating regime I.a.   

The decrease in Cr content after longer treatment time (heat-treatment regime I.b and II.a) could 

also be due to CrO3 evaporation from the slag surface in air atmosphere, nearly described in the 

chapter “CrO3 evaporation from the slag surface” conducted on thin slag films. However, the 

evaporation rate would be extremely slow, because of the sample thickness and decreased 

heat treatment temperature, since diffusion through the slag bulk is slow and Cr 2O3 is shown 

to be more stable at 1673K.   

 

4.2.3 Influence of oxygen partial pressure on chromium partition in slag 

The influence of oxygen partial pressure on the Cr partition in slag has been shown to play 

an important role. It is one of the parameters that shall be carefully controlled, with a view 

to prevent Cr
6+

 release into the environment. Besides the current chapter, the effects of high 

oxygen partial pressure on Cr release would be discussed in the chapter “CrO3 evaporation 

from the slag surface”.  

Figures 14 and 15 show the SEM micrographs of CaO-MgO-SiO2-Cr2O3-Al2O3 slags soaked 

at PO2=10 
-4 

Pa and air respectively, with Al2O3 content in the range of 3-12wt. The spinel 

phase in Figures 14 and 15 is marked by arrows. In contrast to results from the samples 

soaked in air, the spinel phase precipitated at PO2=10
-4 

Pa has a regular polygonal crystal 

shape, as can be seen in Figure 14. The dissolution of spinel phase in air resulted in 

irregular shape of the spinel crystals (see Figure 15). The crystal growth was disturbed by 

the presence of Cr
6+

 ions. Although Cr2O3 is most stable among various chromium oxides at 

298K in air, it is easily oxidized to Cr
6+

 at higher temperature when contained in molten 

slags
[24]

. High oxygen partial pressure (and high slag basicity) enhances the solubility of Cr
6+

 in 

the matrix phases at elevated temperatures 
[24-26]

. In the samples soaked in air, Mg(Cr,Al)O4 

spinel solid solution phase was found to contain foreign ions such as Ca
2+

 and Si
4+

. The impurity 

content (Ca and Si ions) dissolved in the spinel phase was much lower at oxygen partial pressure 

of 10
-4

 Pa. Foreign ions create point defects in the crystal structure and disturb the growth of the 

phase. That would make the spinel phase thermodynamically unstable. 
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Figure 14 Slag samples SA1-SA4 soaked at PO2=10

-4 
Pa, heat-treatment regime II.b, Spinel phase precipitated at 

PO2=10 
-4 

Pa has a regular polygonal crystal shape. 

 

Figure 16 shows the average chromium partition in CaO-SiO2-MgO-Cr2O3-Al2O3 synthetic slags 

between matrix and spinel phase. Table 10 gives the average Cr content in the matrix phases in 

the samples S1-S6 after the different heating sequences and oxygen partial pressures applied in 

classical gas/slag equilibrium method in the case of CaO-MgO-SiO2-Cr2O3 synthetic slags. The 

lowest Cr values are in the case of II.b where the samples were first equilibrated in CO/CO2 gas 

mixture at PO2
=10

-4
 Pa 1873 K for 24h, then slow-cooled and soaked at 1673 K for additional 

24h. Cr content decreased in the matrix as a result of efficient spinel phase growth at lower 

oxygen partial pressures. When the experiments were conducted at low oxygen partial pressure, 

the chromium partition was no longer dependent on the slag basicity. The oxygen partial 

pressure of PO2=10
-4 

Pa is in the range of Cr2O3 stability region and thus would facilitate the 

crystal growth of the spinel phase in the slag.  
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Figure 15 Slag samples SA1-SA4 soaked in air heat-treatment regime IIa. The Mg(Cr, Al)2O4 spinel phase, has an 

irregular shape. Besides irregular shape the spinel phase grown in air has a lot of CaO and SiO2. 

 

 

Results of the current work show that, at higher basicities, slow cooling in combination with low 

oxygen partial pressure is the only alternative if the slag basicity is relatively high, in order to 

avoid the dissolution of harmful elements such as Cr in the water soluble matrix phases, low PO2 

improves the spinel precipitation even at higher basicities.  

 

It was also found that PO2 has a strong impact on the melting temperature of the CaO-MgO-SiO2-

Cr2O3-(Al2O3) slag systems. The melting temperature increases as PO2 decreases. This is in 

contradiction with thermodynamic calculation by Factsage software, see chapter 

“Thermodynamic calculations”. The calculated values are in good agreement in the case of low 

oxygen partial pressure. The software does not consider the valence change from Cr
3+

 to Cr
6+

 at 

higher oxygen partial pressures, and thus fails to predict the correct melting temperatures.  
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Figure 16 Cr partition in CaO-SiO2-MgO-Cr2O3-Al2O3 synthetic slag 

 

 

Table 10 Average Cr content at%. in the matrix phases in CaO-MgO-SiO2-Cr2O3 synthetic slags  

 
I.a I.b II.a II.b 

S1 
    

glass 0.1 0.7 0.1 0.2 

S2 
    

pseudo-wollastonite 0.6 - 1.1 0.2 

merwinite 0.3 0.2 0.4 0.2 

S3 
    

Ca2SiO4 1.5 - 0.2 0.1 

merwinite 0.3 - 0.1 0.1 

pseudo-wollastonite 0.2 1.3 - 0.1 

S4 
    

merwinite 0.2 0.3 0.2 0.1 

Ca2SiO4 0.5 0.6 0.5 0.1 

S5 
    

merwinite 0.9 0.6 0.9 - 

Ca2SiO4 1.5 1.1 1.9 - 

S6 
    

Ca2SiO4 - 1.4 1.1 - 
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4.2.4 Influence of the Al2O3 addition on chromium partition in slag 

In this chapter the effect of alumina addition of the chromium partition in CaO-SiO2-MgO-

Cr2O3-Al2O3 synthetic after the heat treatment regimes IIa. and II.b is discussed.  

Figure 17 shows the chromium partition in CaO-SiO2-MgO-Cr2O3-Al2O3 synthetic slags at 

PO2=10 
-4 

Pa as a function of Al2O3 content. While the chromium content in the matrix phases 

remains constant, regardless alumina content in the slag, Cr in the Mg(Cr,Al)2O4 spinel phase 

decreases as a function of Al2O3 addition. The volume fraction of spinel solid solution was found 

increasing with alumina addition, as Al
3+

 ions gradually replace Cr
3+

 ions. 
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Figure 17 Cr partition in CaO-MgO-SiO2-Cr2O3-Al2O3 slag system soaked at PO2=10 

-4 
Pa, heat treatment regime 

II.b as a function of Al2O3 content. 

 

Figures 18 and 19 show the XRD analysis of the current slag systems after the heat treatment 

regimes II.a and II.b, respectively. In both cases presence of Mg(Cr, Al)2O4 solid solution can be 

observed. The peaks are shifted due to the change of the lattice parameters of the spinel crystal 

caused by foreign ions. The peaks for the different types of spinel overlap and thus cannot be 

clearly distinguished. The intensity of the peaks corresponding to spinel solid solution increased 

drastically after soaking at PO2=10
-4

 Pa compared to samples soaked in air, as shown in Figure 

19. The intensities of the peaks for the spinel solid solution phase also increased with alumina 

content in the sample. Thus, it can be concluded that the volume fraction of the precipitated 

spinel phase solid solution increased with alumina content in the slag. This is in good agreement 

with thermodynamic calculations by Factsage software, see Table 7. 
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Reference experiments with a soaking time at 1673K extended to 72 hours at a PO2 of 10
-4 

Pa 

have shown that Cr-content in the matrix phases fell below the detection limit of WDS analysis. 

Almost all of Cr was bound to spinel and metallic phases. Cr content dissolved in Pt decreased 

with increase of alumina content in slag. From 4.5 at% Cr dissolved in Pt at 3wt% alumina 

addition to 0.5at % at 12wt % of alumina addition. This indicates that alumina stabilizes 

chromium in spinel phase. The results are in good agreement with so-called “factor sp” (spinel 

formation) empirically derived by Mudersbach
 
et al.

[19]
. Alumina addition to molten slag can be 

used to control Cr partition between slag and metal phases at a PO2 of 10
-4 

Pa. In other words, 

alumina addition should be avoided before the slag tapping, to minimize Cr loss from metal 

phase to spinel phase, but might be advantageous after the slag tapping to minimize leaching.  

 

 
Figure 18 XRD analysis of the current slag system soaked in air, heat treatment regime II.a. Presence of Mg(Cr, 

Al)2O4 solid solution can be observed. 
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Figure 19 XRD analysis of the current slag system soaked at PO2=10

-4
 Pa heat treatment regime II.b. Presence 

of 1 –merwinite, 2-  Ca2SiO4 and 3 - Mg(Cr, Al)2O4 solid solution can be observed. 
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4.2.5 Cr immobilization in industrial slags  

 

Slag dust generated during stainless steel production and chromium containing alloys is 

considered as hazardous due to the present of the toxic and carcinogenic hexavalent chromium
[43] 

 

It was reported elsewhere 
[44]

 that the stainless steel plant dust could contain as much as 4,000 

mg of hexavalent chromium per kilogram. In this chapter industrial slags were treated and 

analyzed in a view to find a process that would stabilize the slag from disintegration (falling to 

dust) and prevent the chromium oxide from spreading with the slag dust or leaching out by rain 

water. 

 

The original chemical compositions of the EAF slags supplied are presented in Table 11.  

Table 11 The original slag compositions (wt%) studied. The values in brackets are (at%.) 

 
EAF-slag1 EAF-slag2 EAF-slag3 EAF-slag4* 

P2O5 0.4 (0.3) 0.0 (0.0) 0.0 (0.0) 0.6 (0.4) 

MgO 11.3 (28.3) 4.7 (11.8) 18.2 (45.5) 8.5 (21.3) 

CaO 36.9 (65.9) 41.0 (73.2) 26.4 (47.1) 28.8 (51.4) 

TiO2 0.4 (0.5) 3.2 (4.0) 0.4 (0.5) 0.6 (0.8) 

V2O5 0.1 (0.1) 0.2 (0.1) 0.3 (0.2) 0.5 (0.3) 

Cr2O3 3.2 (2.1) 5.7 (3.8) 7.0 (4.6) 2.0 (1.3) 

MnO 5.1 (7.2) 3.2 (4.5) 2.2 (3.1) 6.1 (8.6) 

Al2O3 6.1 (6.0) 10.1 (9.9) 9.4 (9.2) 4.9 (4.8) 

SiO2 14.1 (23.5) 28.4 (47.3) 31.0 (51.7) 11.8 (19.7) 

Fe-metal 0.7 (1.3) 0.0 (0.0) 0.4 (0.7) 4.8 (8.6) 

FeO 11.0 (15.3) 2.2 (3.1) 3.6 (5.0) 25.5 (35.4) 

Fe2O3 10.4 (6.5) 0.0 (0.0) 0.0 (0.0) 4.9 (3.1) 

 * A set of synthetic slags with composition corresponding to EAF-slag4 were studied separately, see “Synthetic 

slags”.     

 

EAF-slag1 contained high amounts of iron oxide, a relatively high content of MgO and high 

basicity (CaO/SiO2 ratio) (~ 2.5). EAF-slag2 had a relatively high content of Cr2O3 content and a 

slightly lower basicity, (CaO/SiO2 ratio) (~ 1.4). EAF-slags3 had a high MgO and Cr2O3 content, 

while slag basicity (CaO/SiO2 ratio) was relatively low (~ 0.85). In the case of EAF-slags4 

(CaO/SiO2 ratio) (~ 3.0), the effect of the slag basicity on Cr partition was studied as described 

in the section on synthetic slags.  

 

Cr levels that are given in Table 11, where chemical analysis was performed utilizing ICP 

spectrometry in combination with X-Ray Fluorescence deviate from WDS analysis of the 

untreated samples. The values in the Table 11 are for the Cr2O3, while WDS gives values for 
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single Cr ions. In ICP technique solid samples were dissolved or digested in a liquid, an acidic 

aqueous solution. Then the species were atomized, ionized and thermally excited, so they can be 

detected and quantified. Untreated EAF slags supplied contained Cr-rich oxide particles and 

metal droplets; these would dissolve during ICP. Thus ICP would give more accurate average 

values of the overall slag composition, while WDS would give more accurate value at a 

microscopic level. Thus the results of two above mentioned methods shall not be compared.  

A number of microscopic chromium-rich metal droplets were found in each of the untreated 

industrial slags.  The metal droplets dissolved into Pt-crucible during the heat-treatment.  It was 

found that iron (from the metal droplets and from reduced iron oxides) easily dissolves into the 

Pt-crucibles. Chromium on the other hand did not dissolve readily into Pt in the case of EAF slag 

samples. According to WDS analysis chromium content dissolved in the Pt–crucibles, was close 

to the noise level of WDS (around 0.02 at%). The chemical analysis of Pt-crucibles in the 

synthetic slag samples EAF-slag4*) showed that reduced iron oxide had a tendency to go into 

metal phase. The amounts of Cr and Mn dissolved into Pt-crucible were higher at higher 

temperature. The dissolution of reduced metals into crucible would be expected to affect the 

results. This can also be the reason why the difference in the Cr content in the slags was so small 

between two heating profiles.  

X-ray diffraction analysis was used to identify the mineral phases present in the untreated slags 

used in the present work. The phases identified are presented in Table 12. X-Ray diffraction 

analysis was in good agreement with SEM results.   

 

Table 12 Phases present in the untreated EAF slags, slags analyzed by XRD.  

  EAF-slag1 EAF-slag2 EAF-slag 3 EAF-slag4 

Monticellite CaMgSiO4   x  

Larnite Ca2SiO4 x  x x 

Akermanite Ca2MgSi2O7  x x  

Bredigite Ca7Mg(SiO4)4  x   

Brownmillerite Ca2(Al,Fe)2O5 x    

Ringwoodite Mg2SiO4   x  

Forsterite (Mg,Fe)2SiO4   x  

Clinoenstatite MgSiO3   x  

Wüstite  (Fe,Mn,Mg)O x   x 

Hematite Fe2O3 x    

Spinel (Fe,Mg,Mn)(Cr,Fe,Al)2O4  x x  

Merwinite  Ca3Mg(SiO4)2    x 
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EAF- slag1  

Figure 20 shows a SEM micrograph of a slag sample from EAF-slag1 after heating profile A. 

Spinel grains and wüstite dendrites were formed. The matrix consisted of larnite (Ca2SiO4) and 

Al-rich matrix phases. Figure 21 shows EAF-slag1 sample after heating profile B. In contrast to 

heating profile A, spinel grains were not observed. Untreated EAF-slag1 sample had the lowest 

Cr content among the samples supplied, where Fe, Cr, Mg and Mn elements were found to be 

enriched in wüstite phase. At such a low original Cr content in the sample, higher degree of 

undercooling is required to form the spinel phase. Phases present and their compositions 

obtained by SEM/EDS analysis in atomic percent after the two heating sequences as well as in 

the untreated EAF-slag1 sample are given Table 13. Matrix phases larnite (Ca2SiO4) and 

brownmillerite Ca2(Al, Fe)2O5 are water soluble and can contain chromium 
[45]

. Fortunately, the 

Cr content in the matrix phases was found to be very low, in both cases. Cr was mainly 

distributed in stable wüstite and spinel phases.  

 
Figure 20 EAF-slag1, heating profile A. Overview of the microstructure: (1) spinel grains, (2) wüstite, (3) larnite 

(4), Al-rich matrix and (5) wüstite dendrites formed on quenching.  
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Figure 21 EAF-slag1 heating profile B. Overview of the microstructure: (1) wüstite, (2) larnite and (3) wüstite 

dendrites formed on quenching.  

 

Table 13 The phases and their compositions of EAF-slag1 with different heat treatments, at%. 

Phases  Cr Mg Al Si Ca Mn Fe Ti V O 

Untreated 
       

   

larnite 0.0 0.1 0.2 11.6 21.0 0.0 0.2 0.0 0.0 66.8 

brownmillerite 0.0 0.0 18.0 0.3 15.3 0.1 0.6 0.0 0.0 65.7 

wüstite 1.9 19.7 0.3 0.0 0.4 2.8 15.5 0.0 0.0 59.2 

Heating profile A           

spinel  14.1 8.7 3.0 0.0 0.6 2.4 6.2 0.0 0.0 65.0 

Larnite 0.0 0.6 0.1 13.2 24.4 0.2 0.3 0.1 0.1 61.0 

wüstite 1.1 19.5 0.5 0.0 1.3 5.5 18.0 0.0 0.0 54.1 

Brownmillerite 0.1 0.6 7.5 2.5 17.6 1.0 9.6 0.4 0.1 60.5 

Heating profile B           

Larnite 0.0 0.6 0.1 12.9 23.2 0.2 0.3 0.0 0.0 62.7 

wüstite 0.2 8.9 2.1 0.4 3.3 4.9 22.4 0.1 0.0 57.8 

Brownmillerite 0.0 0.9 8.0 4.0 16.4 1.2 8.1 0.3 0.1 61.0 

 

EAF-slag2 

In the EAF-slag2 untreated, metal droplets up to 300 µm was observed. The metal droplets 

comprise of Fe-Cr-Ni alloy containing around 1 at% Mn and 5at% Ni. Cr content in the metal 

reached up to 47.5 at%.  

According to XRF analysis the phases present in the untreated EAF-slag2 were akermanite, 

bredigite and spinel, see Table 12. The spinel grain size reached up to 10 µm in diameter. The 

microstructure consisted of (1) spinel grains up to 50 µm in diameter, (2) pseudo-wollastonite 
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and (3) larnite phases. The volume fraction of larnite phase increased after soaking at lower 

(1473K) temperature. The mean size of spinel grain increases after slow cooling and soaking at 

1473K. The Cr content dissolved in the matrix phases were slightly lower after soaking at 

1473K. Table 14 summarizes phases present and their compositions in atom percent in the 

quenched slag samples, obtained by SEM/EDS analysis.  

 

Table 14 The phases and their compositions of EAF-slag2 samples with different heat treatments, at%.  

Phases   Cr Mg Al Si Ca Mn Fe Ti V O 

Untreated 
       

   

akermanite  0.18 5.5 0.0 12.7 17.0 0.5 0.0 0.0 0.0 64.0 

pseudo-wollastonite 0.6 1.9 2.7 10.6 14.8 0.7 0.0 4.1 0.0 66.4 
spinel  17.2 5.0 3.1 1.6 1.6 6.1 0.3 1.2 0.0 65.6 

Heating profile A 
       

   

spinel 15.2 11.1 6.6 0.0 0.4 3.0 0.4 0.2 0.0 63.2 

pseudo-wollastonite 0.1 1.7 5.9 13.1 13.9 0.8 0.1 1.4 0.0 62.9 

larnite 0.0 1.0 0.1 14.1 23.6 0.5 0.0 0.1 0.0 60.6 

Heating profile B 
       

   

spinel 15.0 10.4 5.8 0.0 0.4 3.1 1.1 0.2 0.1 64.1 

pseudo-wollastonite 0.3 1.6 5.0 12.5 14.9 0.9 0.4 1.3 0.1 63.2 

larnite 0.1 2.5 1.3 13.8 21.2 0.5 0.2 0.4 0.0 60.0 

 

EAF-slag3  

Figure 23 gives a sample overview of untreated EAF-slag3. Large quantities of spinel grains and 

metal droplets with a Cr content of 16 atom% can be observed. EAF-slag3 had a highest 

chromium content among supplied industry samples. Untreated samples consisted of a number of 

the mineralogical phases. The phases present in the untreated slags identified by XRD analysis 

are summarized in Table 12.  Figure 24 shows EAF-slag3 sample after heating profile A.  The 

microstructure of the EAF-slag3 after heating profile B had the same appearance. It could be 

observed that the samples have undergone microstructural changes during the heat treatment, see 

Figures 23 and 24. The microstructure consisted of spinel solid solution and merwinite phases 

after the heat treatment. While spinel phase remain unchanged the various phases present in the 

matrix prior to re-heating transformed into single merwinite phase. The spinel solid solution 

consisted of Cr oxide-rich core surrounded by Al oxide-rich cover, which would improve the 

leaching properties. Table 15 summarizes phases present and their compositions in the quenched 

EAF-slag3 samples, obtained by SEM/EDS analysis.  
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Figure 22 EAF-slag3 untreated, overview of the microstructure: (1) spinel, (2) metal droplets 

 

 
Figure 23 EAF-slag3 heating profile A, overview of the microstructure: (1) spinel, (2) merwinite 

 

Chemical composition of the metal droplets found in the untreated EAF-slag3 samples was: 

Cr=16, Mn= 0.8, and Ni=0.5 atom%. 

In untreated slag samples the main part of Cr was distributed in the wüstite, spinel and metal 

phases. Cr content decreased significantly after the heat-treatment only in EAF-slag2 sample 

according to WDS analysis. The deviations in the result were likely to be due to inhomogeneous 

composition within industrial slags supplied.  
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Table 15 The phases and their compositions of EAF-slag3 samples with different heat treatments, at.%. 

Phases  Cr Mg Al Si Ca Mn Fe Ti V O F 

Untreated            

Spinel  17.6 11.8 4.1 0.0 0.0 1.0 0.3 0.0 0.3 65.0 0.0 

Forsterite 0.3 7.2 5.1 0.0 12.8 1.5 14.3 0.0 1.5 64.3 0.0 
Pseudo-wollastonite 0.1 6.6 6.0 14.4 7.4 0.6 0.8 0.0 0.0 66.5 0.0 

Heating profile A            

Spinel 15.2 11.2 1.9 0.0 0.2 0.8 1.7 0.0 0.2 67.8 0.0 

Merwinite 0.0 9.6 2.3 11.7 9.5 0.5 0.3 0.1 0.1 59.7 6.4 

Heating profile B            

spinel 11.9 15.7 17.1 0.1 0.3 0.7 0.7 0.1 0.1 53.3 0.0 

merwinite 0.1 9.7 2.6 15.3 10.9 0.6 0.3 0.1 0.1 56.0 4.4 

 

EAF-slag4* 

The synthetic slags in this chapter were designed with the intention to compare the results with 

industrial EAF slags.  The experiments on synthetic slags (series SY1-SY4) show the same trend 

as the industrial EAF-slags: there was no big difference in the chromium partition between the 

two heating profiles used. As can be seen from the Table 16 Cr content in the matrix phases 

increases with the temperature and basicity. Cr content in the matrix phases was slightly lower 

after soaking at lower temperature; heating profile A, see Tables 13-15 and 16-19. Heating 

profile A is however more energy-efficient and thus environmentally friendly. The solubility of 

Cr2O3 in periclase phase was below 0.17 mole percent at 1273 K 
[39]

, while the Cr content in the 

periclase phase was nearly the same after heat-treatment according to both the heating profiles. 

This is due to the much slower diffusion at lower temperature, thus longer heat-treatment time is 

required to reach the equilibrium state. Spinel phase was found to be formed in all samples in 

large quantities as a solid solution. At higher basicity, water soluble calcium chromite spinel 

phase was formed. Chromium was mainly bound in the spinel solid solutions, wüstite and 

periclase phases. In case of higher basicity, magnesium chromite spinel phase was only found 

inside the periclase crystals, where Mg-spinel was formed on cooling, as solubility of chromium 

in periclase phase decreased at lower temperatures.  

Micrograph of the samples SY1 after heating profile B is shown in the Figure 24. The 

microstructure consisted of spinel solid solution, merwinite and larnite phases. Large quantities 

of spinel grains were found on the bottom of the crucibles. Figure 25 shows sample SY4 after 

heating profile A. Overview of the microstructure shows three phases, viz. (1) CaCr2O4, (2) 
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Ca3SiO5 and (3) periclase. Periclase crystals were found to be up to 30 µm in diameter, and 

contain fine-grained Mg-spinel crystals up to 3 µm.  

Samples SY1-SY4 disintegrated after the heat treatment (heating profiles A and B) due to the 

volume change after Ca2SiO4 phase transformation. β-Ca2SiO4 and γ-Ca2SiO4 found in these 

samples are not stable at elevated temperatures and have been formed on cooling. Ca2SiO4 can 

exist in five polymorphic phases, among which only two are stable at room temperature. The β-

Ca2SiO4 phase is usually formed in the presence of impurity ions and this compound easily reacts 

with water. 

 
Figure 24 Sample SY1, heating profile B. Overview of the microstructure: (1) spinel solid solution, (2) merwinite, 

(3) brownmillerite. 

 

 
Figure 25 Sample SY4, heating profile A. Overview of the microstructure: (1) CaCr2O4, (2) Ca3SiO5 and (3) 

periclase 
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Table 16 Phases present and their compositions in the samples SY1, at.% 

Phases Cr Mg Al Si Ca Mn Fe O 

Heating profile A 
        

spinel 26.5 11.2 6.9 0.1 0.9 1.6 2.9 49.9 

larnite 0.1 2.8 0.2 14.1 33.3 0.5 0.4 48.7 
glass 0.1 1.8 14.1 10.1 22.3 0.3 1.0 50.6 

merwinite 0.2 6.7 0.3 13.8 28.7 0.3 0.4 49.8 

Heating profile B 
        

spinel 25.0 12.3 8.8 0.8 1.6 0.7 1.6 49.3 

glass 0.4 4.9 7.6 13.3 22.9 0.1 0.3 50.8 

merwinite 0.3 5.1 0.2 13.4 30.6 0.2 0.3 50.2 

Table 17 Phases present and their compositions in the samples SY2, at.%.  

Phases Cr Mg Al Si Ca Mn Fe O 

Heating profile A  
        

larnite  0.2 1.0 0.3 14.2 36.5 0.1 0.3 47.6 

spinel 30.9 12.0 3.1 0.1 1.5 1.4 3.5 47.5 

wüstite 9.6 34.6 2.0 0.0 0.8 1.8 8.3 43.0 

periclase 2.0 45.2 0.1 0.0 0.4 1.8 9.7 40.9 

Heating profile B 
        

spinel 19.8 18.8 3.5 0.0 0.4 1.1 3.5 52.9 

larnite 0.2 0.2 0.3 13.2 32.7 0.1 0.2 53.1 

periclase 2.3 41.8 0.1 0.1 0.3 1.0 8.0 46.6 

Table 18 Phases present and their compositions in the samples SY3, at.%.   

Phases Cr Mg Al Si Ca Mn Fe O 

Heating profile A  

        larnite 0.1 0.1 0.9 13.2 35.2 0.1 0.1 50.3 

periclase 0.3 49.5 0.1 0.0 0.7 4.5 0.8 44.1 

Ca3SiO5 0.2 0.1 1.2 12.5 35.2 0.2 0.2 50.5 

spinel 27.4 6.9 3 0.1 3.3 4.9 2.6 51.8 

Brownmillerite 0.1 2.6 23.1 1.1 21.9 0.8 0.7 50.0 

Heating profile B 

        larnite 0.2 0.3 0.3 13.8 36.9 0.2 0.3 48.1 

spinel 29.1 11.3 1.3 0.4 4.0 2.0 5.9 46.1 

wüstite 1.5 5.5 3.1 5.5 15.6 1.8 11.4 55.6 

periclase 1.3 49.6 0 0.1 1.1 2.3 6.1 39.4 

Table 19 Phases present and their compositions in the samples SY4, at.%. 

Phases Cr Mg Al Si Ca Mn Fe O 

Heating profile A 
        

Ca3SiO5 0.2 0.2 0.4 12.5 37.7 0.1 0.3 48.5 

wüstite 6.9 2.4 1.4 1.2 25.9 0.5 14.3 47.4 

periclase 1.6 49.9 0.0 0.1 0.5 1.2 5.2 41.6 

CaCr2O4 26.4 1.9 1.1 0.2 20.1 0.6 2.1 47.9 

spinel 19.1 26.9 1.1 0.1 2.6 1.1 3.2 45.9 

Heating profile B 
        

Ca3SiO5 0.4 0.5 0.4 10.8 38.2 0.2 0.5 49.1 

periclase 1.7 46.9 0.2 0.1 1.5 1.4 4.4 43.8 

CaCr2O4 26.4 1.7 0 0.1 19.8 0 2.5 49.5 

spinel 16.2 18.9 0.8 1.2 9.3 1.2 4.4 48.5 
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The foreign ions, such as Cr would then leach out if exposed to water. One other stable 

polymorphic phase is γ-Ca2SiO4 which does not react with water
 [2]

, but can disintegrate to dust 

from β-Ca2SiO4 at the temperatures below 773K. Adding relatively large amount of silica, for 

example quartz sand or waste glass, combined with rapid quenching is a way to control the slag 

composition (basicity) and prevent slag disintegration
 [46-56]

. Silica addition is however 

problematic and associated with large volumes of the extra slag produced, and would also 

consume energy
 [56]

. P2O5 and FeO are known as β-Ca2SiO4 phase stabilizers and would prevent 

slag disintegration without creating additional amounts of slag 
[56]

. Industrial EAF-slag4 did not 

disintegrate, probably due to relatively high phosphorous oxide content. In the synthetic slags 

studied EAF-slag4*, no phosphorous addition was made, thereof slag disintegration, while FeO 

content in both industrial EAF-slag4 and synthetic slags was nearly the same. P2O5 addition is 

thus more energy efficient and better than silica addition. Current work shows that a decrease of 

basicity from 3 to 1.5 by silica addition combined with quenching would not prevent slag 

disintegration, but addition of less than 1% of P2O5 would. On the other hand spinel crystals and 

the metal droplets would be easier to extract from the slag after slag disintegration. 

One other issue associated with the presence of metal droplets and Cr-rich oxide particles in 

molten slags is oxidation of chromium during tapping. The droplets and oxide particles are often 

microscopic and have high surface to volume ratio, thus in contact with oxygen CrO3 gas is 

expected to form with ease. These will be in a liquid state during tapping stage. The formation of 

CrO3 gas becomes significant in oxidizing atmosphere above 1000°C 
[57]

. In the liquid state the 

diffusion of the ions would be much faster with a rapid oxidation as a result. This problem would 

be more serious in rapidly flowing gases 
[58]

. Thus exposure of the molten slags to oxidizing 

atmosphere shall be avoided.  

It was earlier shown by current author that slow cooling and soaking at lower PO2 facilitates 

spinel precipitation and growth in Cr containing slags with decreased Cr content in the matrix 

phases as a result. However, it is necessary to remove metal droplets from the Cr containing 

industrial slags prior to the treatment of the slag. Otherwise the Cr level in the matrix phases 

would be hardly affected. On the other hand, there is no reason to re-treat the dumped slags since 

the chromium leaching from metal phase is negligible
 [59-63]

. However, slow cooling to 1673K at 

low oxygen pressure can be considered for the molten slags after tapping. It is enough to slow 

cool the tapped slags to 1673K, since Cr diffusion is slower at lower temperature.  
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The leaching of chromium may be attributed to natural oxidation of trivalent chromium in the 

matrix phases to hexavalent chromium. But under ambient conditions, the level of chromium 

leaching is quite low and within the permissible regulatory norm. Reduction in particle size 

enhances the chromium release
 [63]

. Reduction in particle size due to slag disintegration can be 

prevented by silica addition to molten slag
 [47-56]

. Thus, the optimum conditions for Cr retention 

are as follows: 

 Slow cooling of industrial slags at low oxygen partial pressure is necessary to minimize 

Cr-oxide content in the water soluble matrix phases. 

 Cr bound to the spinel phase as well as metal droplets can be then separated from the slag 

after slag disintegration.   

 Industrial slags contain Cr-rich metal droplets; they do not contribute to Cr-leaching. 

Thus, it is not meaningful to re-melt and heat-treat dumped slags since it will require a lot 

of energy without affecting the Cr leaching levels. 

  Metal droplets separation is necessary prior to the slag re-treatment, because metal 

droplets can release the Cr into slag matrix when the slag is re-melted. 

 Low oxygen partial pressure and low slag basicity will prevent emission of hexavalent 

chromium.  

 Molten slag can be quenched into sand or glass waste on the slag yard to prevent slag 

disintegration. Addition of P2O5 is shown to be more efficient than silica addition in 

preventing slag disintegration.   
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4.2.6 CrO3 evaporation from the slag surface 

In current work chromium oxide was found to be emitted when chromium containing slags were 

exposed to oxidizing atmosphere. Several earlier studies report that vaporization of Cr2O3 occurs 

through oxidation to CrO3 gas
[57-66]

. Grimley et al. 
[58]

 have identified the presence of CrO3 gas at 

steelmaking temperatures by mass spectrometry. High vaporization tendency of hexavalent 

chromium at elevated temperatures was also earlier reported by Stearns et al 
[57]

.   

Figure 26 shows the alumina saturated slag samples with slag basicity CaO/SiO2 = 1.0 in 

alumina rings before and after the exposure to pure oxygen at 1873 K for 24h.

 

Figure 26 Samples before (to the left) and after (to the right) the heat treatment at 1873K for 24 h in pure O2. 

 

It is seen that the sample after the heat treatment is colorless indicating the loss of chromium 

oxide from the slag. This is in consistency with the observations using the SHTT apparatus. 

Similar observations were made by Okretic et al
[32]

.  

The WDS analysis of the sample after 24h at 1873K in oxygen is given in the Table 17. It is seen 

that the slag sample, after the oxidation treatment, consisted of MgAl2O4 spinel phase with a 

chromium content of 0.03 at% and a glassy phase with 0.00 at% Cr. After 6 hours treatment in 

oxygen, chromium oxide was only found in the solid solution with spinel.  In last case, the 

chromium amount was very close to the noise level of WDS. 

Estimation of Rayleigh and Reynolds numbers of the thin film system indicates that nether 

convective mass transfer in the slag film or in the surrounding gas phase might be the rate-

controlling steps. Thus, the evaporation rate may be controlled by the diffusion of CrO3 from the 

bulk to the surface. 

 



43 
 

Table 20 WDS analysis of the sample after 24h at 1873K in oxygen [at%]. 

 O Mg Al Si Ca Cr 

spinel  61.82 8.36 29.65 0.10 0.04 0.03 

matrix 66.59 3.07 17.84 8.03 4.47 0.00 

 

 

4.2.7 Effect of temperature on the Cr-oxide vaporization rate 

The effect of temperature on Cr evaporation was studied at three different temperatures, viz. 

1673 K, 1773 K and 1873 K. The samples were treated in pure oxygen for 6 hours. The results 

are presented in Figure 27. In all cases the sample thickness was 0.5 mm. It is seen that the 

chromium loss rate is temperature dependant. While chromium content reached zero value at 

1873 K after 6 hours treatment, the Cr oxide loss was about 50 % for the same time period at 

1773 K. 

 

 
Figure 27 Average Cr content in the slag as a function of temperature after 6h in oxygen. The sample thickness was 

0.5 mm. 

 

A photo of the polished sample after treatment at 1673 K for 2 h is presented in Figure 28. It is 

seen that there is a variation of the colour of the sample. The color shift was due to the 

differences in the valence state of Cr-oxide. Surface was reddish most likely due to the presence 

of Cr
6+

. Cr2O3 is more stable at 1673K and was observed in the core of the thin film. Samples 

that were soaked at higher temperatures for shorter time intervals were red-colored throughout.  
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Figure 28 The polished sample surface after treatment for 2h at 1673 K.  

 

4.2.8 Effect of soaking time on Cr loss 

The effect of soaking time on the average Cr content is presented in Figure 29. It is seen in 

Figure 29 that longer soaking time leads to decrease in the Cr content in the samples. 

 

 
Figure 29 Average Cr content in the slag after 2h and 6h in oxygen.  
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4.2.9 Effect of oxygen partial pressure on the Cr-oxide vaporization rate 

In order to see the effect of oxygen partial pressure on the chromium loss from the thin slag film, 

the samples were soaked in air, oxygen and argon gases. The evaporation rate was found to 

increase with increasing oxygen partial pressure, which is in consistency with the results reported 

by Graham and Davis for pure Cr2O3 
[64]

.  

 

4.2.10 Effect of the basicity on the Cr-oxide vaporization rate 

Alumina saturated slag samples with basicities 1.0, 1.5 and 2.0 were exposured to oxygen 

atmosphere at 1873 K. Figure 30 shows the weight loss over time at 1873K in oxygen at 

different slag basicities. Isothermal evaporation curves presented in the experiments carried out 

in the TGA unit at KTH in Stockholm are plotted as dimensionless mass changes against time. 

The dimensionless mass loss “σ” represents the ratio of mass loss to the initial mass.  

It can be seen from Figure 31 that samples with basicity 1.0 and 1.5 have linear while sample 

with basicity 2.0 has parabolic behavior. The figure shows that the mass loss is negligible at 

basicity 2.0 while at basicity 1.0, it is significant. The parabolic behavior was due to oxidation of 

Cr2O3 into CrO3 at a slow mass loss rate. The mass loss from the slag sample could not be 

attributed only to the loss of Cr oxide from the slag. Both EDS analysis of the post-experiment 

samples as well as preliminary experiments conducted in an induction furnace indicated the loss 

of silicon from the slag. The silicon emission rate would be expected to decrease with increasing 

slag basicity.   

Figure 31 shows chromium partition in the slag samples. The values were measured in spinel and 

matrix phases at different distances from the exposed surface: in area close to the surface and in 

the middle at 0.25 mm depth. It can be seen that chromium partitions strongly to spinel phase 

and vanishes first from the matrix phase which is expected to be liquid at 1873 K at slag 

basicities 1.0 and 1.5. While Cr content in the matrix remain constant due to the faster diffusion 

in the melt compared to the solid phase, it does change significant with the distance from the 

surface in the spinel phase. Chromium loss in the sample with basicity 2.0 was negligible. This is 

in consistency with the observations using the TGA apparatus. 
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Figure 30 The weight loss over time at 1873K in oxygen at different slag basicities.  

 

 

Figure 31 Chromium partition in slag at different slag basicities, after 6h in oxygen at 1873 K. 

 

Figure 32 shows calculated partial pressures of CrO3 gas at different Cr2O3 activities as a 

function of temperature. The PCrO3 is increasing with increasing temperature and aCr2O3. At higher 

oxygen partial pressures the chromium oxide evaporation would decrease with increasing slag 

basicity, because of the decreased Cr2O3 activity, see chapter “Effect of basicity on the chromium 

partition in slag”.  It can be surmised that the Cr-loss reaction is likely to be controlled by the 
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diffusion trough the slag bulk. The evaporation rate of chromium oxide would therefore much 

lower in a sample with higher basicity, because of the increased fraction of the solid phase. 

Graham and Davis have determined diffusion of CrO3 gas through a stagnant gaseous boundary 

layer as a rate controlling step for the vaporization kinetics of pure Cr2O3 oxide rather than a 

surface reaction. An increased gas velocity reduced the thickness of the stagnant gaseous 

diffusion boundary layer by sweeping away the reaction product. Sample geometry, and sample 

density was also reported to affect the vaporization kinetics 
[58]

. 
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Figure 32 The CrO3(g) partial pressures (Pa)  at different Cr2O3 activities as a function of temperature. 

 

It is important to look into the implication of the present results on carcinogenic Cr emission 

during stainless steelmaking, where the slag may contain as much as 8 mass % Cr2O3 during 

oxygen blowing process, as found in Swedish practice
 [1]

.  Sano reported that at elevated 

temperatures the activity of Cr2O3 in molten steelmaking slag could be close to unity even at 

low Cr concentrations
[24]   

thus chromium in these slags can easily oxidize from Cr
3+

 to Cr
6+[24]

. 

Thus emission of Cr
6+

 above the slag surface could be possible. The present results indicate 

however that Cr oxide evaporation is relatively small in air. Fruehan
[67]

 pointed out that the 

cooling rate of the slag after tapping is quite fast. It will only take few minutes for the 

temperature to fall below the solidus temperature. Thus, CrO3 emission may be insignificant 

during this period. On the other hand, the cumulative effect of Cr emission over a longer period 

of alloy steelmaking may have to be looked into in order to evaluate the possible health hazard to 
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the plant operators. In this connection, it can be noted that the emission of Cr from the slags is 

very low in an argon atmosphere. One solution to solve the plant situation may be to tap the slag 

under a “carpet” of argon or carbon dioxide gases and allow it to solidify under inert atmosphere. 

Carbon dioxide for that purpose can be collected and recycled at the plant. It is admitted that 

such a modification will have consequences on the project economy.   
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5 SUMMARY AND CONCLUSIONS  

The effect of the slag composition and treatment conditions on the phase relationships in a 

number of Cr-containing synthetic and industrial slags with a view to control the precipitation of 

Cr-spinel in the slags has been studied. The compositions close to the industrial slag systems 

were chosen. The Cr2O3 content was fixed at 6.0wt% and MgO at 8.0wt%. Al2O3 contents in the 

slag were varied in the range of 0.0-45.0 wt%. The basicity (CaO/ SiO2) of slag was changed in 

the range of 1.0 to 3.0. The equilibrium phases in various slag systems in the temperature range 

of 1473-1873 K have been investigated. The impact of slag basicity, heat treatment, oxygen 

partial pressure and Al2O3 addition on the phase relationships have been determined in a number 

of Cr-containing slags. Gas/slag equilibrium technique was used for the chromium partition and 

the phase relationship study. The slags were equilibrated in a gas atmosphere of well-defined 

oxygen partial pressure which was kept in the range of 10
-4

-10
5 

Pa. The evaporation of Cr oxide 

from the alumina saturated synthetic slag films in oxidizing  atmospheres  (air and pure O 2)  in 

the temperature range 1673 K to 1873 K was investigated by SHTT and TGA  techniques. The 

main conclusions are as follows: 

1) Slow cooling of slag and soaking at low temperature and low oxygen partial pressure 

would improve the spinel phase precipitation and reduced the Cr dissolved in the water soluble 

matrix phases. Thermodynamic calculations could be a useful tool for the prediction of the 

appropriate heat treatment temperature at which Cr solubility in the water soluble phases 

presented in slag has its minimum.  

2) Formation of the spinel phase at higher PO2 (air) was hindered in slags with basicity 

(CaO/SiO2) higher than 1.4. Thus, in order to obtain a spinel phase in air at a temperature range 

of 1673 - 1873 K, a slag composition with basicity of around 1.0-1.4 is recommended to be 

chosen. Higher basicities have to be avoided since it can lead to the formation of leachable, 

potentially harmful, chromium-containing solid solutions. The impact of the slag basicity on 

chromium partition at lower oxygen partial pressures (PO2=10
-4 

Pa) was on other hand found to 

be negligible compared to that in air.  

3) Alumina addition to molten slag can be used to control Cr partition between spinel, 

slag matrix and metal phases at low oxygen partial pressure. The amount of spinel phase (solid 

solution MgAl2O4-MgCr2O4) increases with alumina content. 
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4) Soaking of quenched slags below melting temperatures would decrease the chromium 

content in the periclase phase, due to the decrease in the solubility at lower temperatures 

followed by spinel phase growth. This treatment is however not sufficient to prevent Cr leaching 

from the slag. Chromium contained in metal droplets in the dumped industrial slags will dissolve 

into the slag during re-treatment and released into the matrix phases. Thus, this method may not 

be directly applicable to the landfilled industrial slags. Precautions must be taken to remove the 

Cr-rich metal droplets prior to the re-treatment of the slag.   

5) There is a certain risk of Cr emission on the plant practice in stainless steel making at 

elevated temperatures and oxygen partial pressures, due to CrO3 evaporation from the slag 

surface as well as a risk of increased Cr solubility into water soluble matrix phases. Taking 

suitable precautions is recommended in order to avoid exposure of molten slag to air during 

tapping. 

6  FUTURE WORK  

It was pointed out in the current work that methods of chromium stabilization presented were not 

very successful on the Cr containing industrial slags. This is attributed to the presence of metal 

droplets entrapped in the slags. Further investigations are required in order tomake slag 

byproducts environmentally friendly.  

a) An important process step is to minimize the entrapment of metal droplets in the slag 

phase. 

b)  It is also necessary to find an efficient way of extraction of microscopic metallic droplets 

from the slag byproducts, prior to solidification. 

c) Develop process routes for extraction of valuable alloying elements from the slag, for 

example by the Cr-oxide evaporation or the molten salt process extraction. 
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