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ABSTRACT 

Laboratory treatment tests of AOD slag from stainless steelmaking have been performed by 
MiMeR. An induction furnace was used for slag reduction tests. The reduced slag was either water 
granulated or cooled in an Al2O3 crucible. Metal droplets, suitable for recycling as metallic 
materials in the steelmaking, were recovered after the slag granulation. Characterizations of slag 
samples from the tests show considerable influences of the treatments on physical and 
mineralogical properties of the slag. Some other possible methods for treatments and utilization of 
the slag were also discussed. 

1. INTRODUCTION 

Slag generated from stainless steelmaking in the AOD (Argon Oxygen Decarburization) converter 
contains slag-forming oxides charged in the furnace and oxides of Si and Al formed from 
steelmaking reactions. Contents of Cr oxides in the slag depend largely on process techniques for 
the AOD operations and treatment processes after the slag tapping. Thus, the Cr oxide contents can 
differ between different steel plants and between different AOD heats in the same plant. In general, 
the Cr oxides in the slag are in rather low amounts and bonded with other oxides forming stable 
slag phases, which eliminates risks for Cr leaching. Besides the oxides, metal particles of different 
size are also present in the slag.  

The CaO and SiO2 content ratio of the slag, CaO/SiO2, is often around 2 and a predominant slag 
component, dicalcium silicate, C2S, undergoes several phase transformations during cooling. The 
transformation from � to � phase of the C2S occurs in the temperature range of 400-500�C,
inducing a volume expansion of around 12% that disrupts the slag, leading to slag disintegration or 
dusting (Seki, A. et al. 1986 and Ionescu, D. et al. 1998). Because of the dusting, slag handling and 
use the slag in some applications can be problematic (Seki, A. et al. 1986).  

Previously, a study on MgO modification of the slag has been conducted by MiMeR, Minerals and 
Metals Recycling Research Centre, at Luleå University of Technology, (Eriksson, J and Björkman, 
B, 2004). In the present MiMeR work, an AOD slag sample of around 30 kg was obtained for 
laboratory-scale reduction and cooling tests. Test samples were characterized. Effects of the slag 
reduction and cooling on metal recovery and physical and mineralogical properties of the slag were 
examined.  

The study results may be referred to for enhancing metal recovery from the AOD slag and for using 
the slag in cement and concrete applications, which will help to save valuable natural resources.  

2. EXPEREMENTAL 

2.1. The test for slag reduction and water granulation
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The AOD slag was contained in a graphite crucible, 3 in Figure 1, for melting and reduction by the 
induction furnace with a power generator of 60 kW and 3 kHz and a vertically movable induction 
coil, 1 in Figure 1. The graphite crucible and an outer refractory crucible formed a crucible system 
that was inserted in the induction coil, as seen in Figure 1A. The outer crucible, 2 in Figure 1, was 
made of refractory castable of 80% MgO. With a refractory cover, 5 in Figure 1, on the top of the 
outer crucible, the crucible system could be closed to minimize air oxidization of the inner, 
graphite crucible at high temperature.  

The thermal energy generated by the induction power was transferred directly from the graphite to 
the charged slag, 4 in Figure 1. After the slag melting, solid slag weighing about 0.5 kg was 
charged again. There was a moderate slag bubbling as a result of CO gas generation from graphite 
reduction of metal oxides. The slag had to be charged 4 to 6 times to reach the crucible capacity, 
with liquid slag weighing 2-2.5 kg, during a period of about 1 hour.  

Shortly after melting the finally charged slag, the slag bubbling became very weak indicating that 
the reduction was nearly complete and the slag was ready for granulation. Thus, the induction 
power was switched off, the induction coil was lowered and the refractory cover was removed. A 
crucible holder was then used to grasp the outer refractory crucible in order to lift crucible system 
and place it in the position above the slag granulation system. After starting water supply, the 
crucible system was tilted to pour the liquid slag into the granulation head, as shown in Figure 1B. 
Water jets formed in the granulation head, 7 in Figure 1, hit the slag stream to generated slag 
granules. The slag granules fell down into a slag container, 11 in Figure 1, at the bottom of the 
water tank. The duration for the slag tapping and granulation was less than 1 minute.  
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 A. System for slag melting and reduction  B. System for slag granulation 

In the figure:  1.Vertically movable induction coil  2. Refractory crucible (80% MgO)
3. Graphite crucible   4. Slag   5. Refractory cover  6. Steel plate   7. Granulation head
8. Water inlet   9. Water outlet   10. Granulation water tank   11. Slag container 

Figure 1 – Test systems for slag reduction and granulation 

The slag temperature measured after slag melting in another test was 1445�C. A fluidity test was 
performed by dipping a steel bar into the liquid slag before the water granulation. These results 
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together led to the estimation that temperature of the liquid slag at the granulation was around 
1550�C.

2.2. The test for slag reduction and cooling in Al2O3 crucible 

The test system consisted of a crucible system with a graphite crucible, 2 in Figure 2, inserted in a 
protective refractory crucible of 80% MgO, 1 in Figure 2. A central hole of 20 mm diameter at the 
bottom of the graphite crucible was covered by a 3-mm thick stainless steel plate, 4 in Figure 2, to 
prevent the solid slag in the graphite crucible from falling into the Al2O3 crucible, 5 in Figure 2, 
through the hole and a similar hole at the bottom of the refractory crucible.

A refractory cover, 7 in Figure2, was used to close the crucible system during melting of the 
charged slag weighing around 1.2 kg in the graphite crucible. After the slag melting, furnace 
operations were changed to melt the stainless steel plate to enable the liquid slag to flow down into 
the Al2O3 crucible for cooling. The induction power was switched off after the graphite crucible 
was emptied and the total power-on time was around 15 minutes. Shortly after the power-off, the 
bottom hole was covered again with a new stainless steel plate to begin a new cycle of slag 
charging, reduction and the down-flowing of the liquid slag. In this way around 6 kg of the reduced 
slag flowed down and was cooled in the Al2O3 crucible. The total power-on time for the slag 
reduction was 108 minutes.  
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In the figure:
1. Casted crucible (MgO 80%) with a hole 
at bottom  
2. Graphite crucible with a hole at bottom 
3. Slag charged in graphite crucible for 
melting and reduction 
4. Stainless steel plate with thickness 
around 3 mm to cover the bottom hole of 
crucible 2
5. Casted crucible (Al2O3 95%) to 
contain the liquid slag flowing down from 
the upper graphite crucible
6. Melted slag being cooled to room 
temperature inside crucible 5 
7. Refractory cover 
8. Vertically movable induction coil 
9. Thermocouple
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Figure 2 – Test system for reduction and cooling the AOD slag in Al2O3 crucible 

A thermocouple, 9 in Figure 2, was located near the inner wall surface above the bottom of the 
Al2O3 crucible to measure the slag temperature. The measurements indicated that 16 minutes after 
flowing down from the graphite crucible the slag temperature had dropped from around 1550�C to 
623�C, with a cooling rate of around 60�C/minute. The temperature of the slag in the Al2O3 
crucible was between 400 and 600�C during the rest of test period and was lower than 100�C about 
4 hours from the time of the last power-off.  

2.3. Characterizations of the samples from the tests 
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The total composition of the slag samples was analyzed by Ovako Steel AB. Titration has been 
used for analysis of Fe and FeO. Solidified metal droplets taken out of the slag from the tests were 
analyzed at the analytical laboratory of Outokumpu Stainless AB. The expansion of the slag 
samples was measured by SSAB Merox AB using the method corresponding to EN 1744-1 (CEN, 
1998). Glass contents of the slag samples were determined by Cementa Research AB using optical 
microscopy according to ER 9103.  

The specific surface area for the slag samples from the tests was determined by MiMeR using the 
BET method with a Micromeretics Flowsorb 2300. X-ray diffraction analysis (XRD) was 
performed on pulverized slag samples with a Siemens D5000 X-ray diffractometer with an X-ray 
generator producing copper radiation (Cu K�).

3. RESULTS AND DISCCUSIONS 

3.1. The original sample of the AOD slag for the present study  

Picture 1 – Sample of original slag from an AOD heat after water spraying for dusting prevention

The slag sample was taken after the slag has been tapped from an AOD heat and cooled under 
sprayed water but before any processes of metal-slag separation. There are slag pieces of around 20 
mm, as seen in the upper part of Picture 1. There are also fine, white particles below the pieces in 
the picture. The water spray cooling for dusting prevention has led to formation of slag pieces of 20 
mm, but could not prevent a rather large part of the slag from disintegrating into fine powder, as 
indicated in Picture 1.

3.2. Results obtained from the slag reduction 

Picture 2A shows the material from the test for slag reduction and water granulation, slag particles 
and metal droplets. Some of the spherical metal droplets taken out of the material are seen in 
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Picture 2B. Composition data for the slag samples are listed in Table 1. Element contents of the 
metal particles recovered from the granulated slag are listed in Table 2. 

A       B

Picture 2A: Sample from the test for slag reduction and water granulation, the letter d is below 
some of metal droplets in the sample. Picture 2B: Metal droplets of -8 mm taken out of the sample 
after the test.  

Table 1. Chemical composition of the slag samples obtained from the tests, wt. % 

Oxide
Original 

AOD slag 
sample 

Sample from test for 
slag reduction and 
water granulation

Sample from test for slag 
reduction and cooling in 

Al2O3 crucible 
Al2O3

CaO
Cr2O3

Fe2O3
FeO
MgO
MnO
MoO2

P2O5

SiO2

NiO
           Fe (metal) 

6.6
47.2
2.3

5.9
4.7
0.8
0.1
0.01
22.6
0.6
1.3

7.8
53.7
1.6
0.8
1.2
5.5
0.9
0.04
0.01
25.9
0.2
0.5

7.0
53.4
1.2

0.7
5.30
1.0
0.01
0.02
28.2
0.05
0.05

Table 2. Element contents, wt. %, of metal droplets taken out of slag sample from the 
test for slag reduction and water granulation 

C Cr Fe Mn Mo Ni P S
5.4 18.3 65.9 0.6 1.3 8.5 0.01 0.006

The original slag sample was taken before any processes of slag-metal separation. The slag 
contained visible metal pieces which were removed from the slag samples before analysis. 
Analyzed contents of elements in the slag samples were used to calculate contents of oxides for 
reporting, as listed in Table 1. The percentages of MoO2 and NiO are 0.1 and 0.6, respectively, in 
the original sample, Table 1. The process conditions in the AOD converter are rather reducing and 
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Mo and Ni elements usually exist in metal phase, rather than as the oxides. There may be some 
microscopic metal particles present in the slag sample, and these are difficult to remove with 
laboratory equipment. Elements in the metal particles may then be analyzed and reported as oxides, 
just as for the elements in metal oxides.  

The microscopic metal particles in the original slag sample and metal particles formed from the 
carbon (graphite) reduction of Cr and Fe oxides may congregate together to form droplets with a 
maximum size of around 8 mm, Picture 2B, and with [Cr], [Ni] and [Mo] of 18.3, 8.5 and 1.3, 
respectively. (where square brackets indicate the elements in the metal in weight percent, i.e. [Cr] 
represents element Cr in the metal in weight percent.) These, together with very low values of [P] 
and [S], Table 2, make the metal droplets suitable for recycling as a raw material in the steelmaking. 
The stainless steel products usually have [Cr], [Ni] and [Mo] of 18, 8 and 2, respectively, and [P] 
and [S] are lower than 0.02 (http://www.outokumpu.com/20844.epitbrw). Due to the carbon 
reduction, metal [C] became 5.4, Table 2, and contents of Cr and Fe oxides in the slag samples 
from the tests were decreased, as indicated in Table 1.  

3.3. Characters of the slag samples from the tests 

Figure 3 – XRD analysis of the slag samples: upper XRD pattern indicating �-C2S (phase 3, �-
Ca2SiO4) being a major phase in the sample from test for slag reduction and cooling in Al2O3 
crucible and lower XRD pattern indicating �- and �-C2S (phase 1 and 2, �- and �-Ca2SiO4) being 
major phases in the sample from test for slag reduction and water granulation

The high rate of water-cooling maintained the high temperature �-C2S and �-C2S phases and 
prevented the � phase transformation, as shown by the XRD pattern for the slag sample in Figure 3. 
The �-C2S phase exists largely in the sample cooled in the Al2O3 crucible, Figure 3, and, due to 
the � phase transformation, the slag disintegrated totally to fine powder consisting of 90% fines of -
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80 �m. The original AOD slag also consisted of the fines of around 20%, Figure 4 and Picture 1. It 
may be more difficult to handle the slag with large amounts of fines than the water-granulated slag 
with a particle size range of 150-3350 �m, Figure 4 and Picture 2A. 

The original AOD slag expanded only 0.67% and with a glass content of 22%, Table 3, due mainly 
to the water spray cooling for dusting prevention. The water granulation of the reduced slag 
decreased the expansion to 0%. The maximum glass content achieved by water granulation may 
just be around 24%, as shown in Table 3, for the AOD slag with lower amounts of glass forming 
substances, such as Al2O3 and SiO2 (Ionescu, D. et al. 1998). The glass content is only 3% for the 
slag cooled comparatively slowly in the Al2O3 crucible, Table 3. The value of BET surface for the 
sample from the test for slag reduction and granulation is 0.25 m2/g and lower than BET values for 
the two other slag samples, Table 3.  
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Figure 4 – Particle size distribution of the slag samples from the tests 

Table 3. Values of expansion, glass content and BET-surface for the slag samples 
Slag sample 

Characterization
data

Original 
AOD slag 

sample 

Sample from test for 
slag reduction and 
water granulation

Sample from test for slag 
reduction and cooling in 

Al2O3 crucible 

Expansion % 
Glass content, %
BET, (m2/g)

0.67
22

1.51

0
24

0.25

Nd*
3

1.05
Nd*- Not determined 

3.4. Discussions on metal recovery and slag modifications 

Reduction of final slag may sometimes be necessary for recovering metals from the slag. Some 
amounts of reducing agent would be dissolved in the liquid steel, as indicated by the [C] value of 
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5.4% in the metal from the reduction-granulation test. The dissolution is considered necessary for a 
high degree of carbon reduction and metal recovery from the AOD slag. Based on this result, the 
reduction should be carried out just after slag tapping to avoid dissolutions of reducing agents in 
the steel produced in the furnace and to use the heat contained in the slag.  

The reduction can then be more flexible, effective and combined with slag modifications. Besides 
carbon, Si and Al metals may also be used in the reduction to increase the rate of oxide reduction. 
With reduction products, Si and Al oxides, to decrease slag basicity, risks for slag expansion and 
disintegration will be decreased.  

Slag granulation may be performed to achieve rapid slag cooling and generate glassy slag products. 
Spherical, metal droplets were formed in the present study. The surface tension of the liquid metal, 
relating to both the metal temperature and composition, may greatly influence the shape and size of 
the droplets. This result, together with results from some related studies, may enable optimal 
adjustment of the parameters for slag reduction and granulation. Metal constituents may then be 
formed with optimum chemical and physical properties to decrease costs for the subsequent 
processes of metal-slag separation and the metal recycling. 

3.5. Discussions on utilizations of the AOD slag

The AOD slag sample tested for reduction and cooling in Al2O3 crucible was used to prepare two 
mixtures to study possibilities of using the slag as raw material for calcium sulfoaluminate belite 
cement. Mixtures “SAB mix 1” and “SAB mix 3 LB” contained 55% and 14% of the AOD slag 
from the test, respectively. The mixtures in the form of pellets were fired in a laboratory muffle 
furnace at different temperature for 15-20 minutes and then rapidly cooled in water (Adolfsson D. 
and Viggh E. O. 2005).

The XRD patterns show that CaCO3, �-C2S, CaSO4, Al2O3 and MgO are dominating phases in 
the samples fired at 750�C and disappear nearly completely at higher temperature. Some hydraulic 
mineral phases, such as calcium sulfoaluminate (C4A3S), �-C2S and �-C2S phases were identified 
as major phases in the samples fired at 1200�C and 1320�C. The formation of C4A3S in the 
samples is important for the cement as the calcium sulfoaluminate provides early strength just as 
tricalcium silicate found in ordinary Portland cement. The next step could involve preparation of 
moulds of the mixtures to study the hydraulic properties. 

By using the AOD slag in the raw mixtures some amounts of natural raw materials, limestone and 
clay, can be saved for cement production. The amount of CO2 gas generated from the 
decomposition of the limestone (CaCO3) during the production can also be decreased.

The -45 µm fraction of the original AOD slag sample has also been tested as filler material in 
concrete (Moosberg-Bustnes, H., 2003). Quartz with maximum particle size of 45 µm was used as 
reference material. Mortar prisms were made of cement (Ordinary Portland Cement), water and the 
slag or quartz for compressive and flexural strength tests. The cement was replaced by 10, 20 and 
30 weight percent of the slag and quartz, respectively.

The compressive strength of the samples containing AOD slag is slightly higher than the samples 
containing quartz at all the three replacement levels. The flexural strength of the samples 
containing 10 and 20 percent AOD slag is higher than the quartz containing samples. The strength 
tests indicate that the AOD slag addition leads to a stronger concrete compared to the quartz 
addition. The calcium silicates in the AOD slag may take part in the cement reactions that increase 
the amount of binder/cement gel. These may enhance the concrete strength. 
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Long-term tests could be carried out later to clarify influences of AOD slag on the concrete 
strength for using the slag as filler materials in cement-based products to save natural filler 
materials such as quartz and sand.  

4. SUMMARY 

The laboratory reducing and cooling tests of the AOD slag samples show that:

1. The slag reduction by carbon generated metal products with spherical shape and [C] 5.4%, [Cr] 
18.3%, [Ni] 8.5% and [Mo] 1.3%. Values of [P] and [S] are very low, making the metal products a 
suitable raw material for stainless steelmaking.  

2. The original AOD slag expanded by only 0.67% and had a glass content of 22%, due mainly to a 
water spray cooling. The water granulation of the reduced AOD slag eliminated the expansion 
completely. The glass content is 24% for the water granulated AOD slag and is only 3% for the 
reduced AOD slag cooled in the Al2O3 crucible.

3. With the water granulation, slag granules with a BET value 0.25 m2/g and a particle size range of 
150-3350 �m are generated. The high-temperature �-C2S and �-C2S phases are maintained. The �-
C2S phase transformation occurred in the slag cooled in the Al2O3 crucible, leading to a 
disintegrated slag with 90% fine powder of -80 �m.  
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